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N-k Contingency Analysis for 
Natural Gas Network

Mareldi Ahumada Paras
University of Washington, Seattle

T-5: Applied Mathematics and Plasma Physics

Mentors: Russell Bent, Kaarthik Sundar
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Motivation

�‡Significant increases in the number of gas-fired electric
generators, which are used to meet ever-increasing
demands for reliable electric power supply 5

�‡Unforeseen component damages, natural disasters and
any type of disruption on the Gas or Power Network can
lead to outages.

�‡Knowing the dependencies between different
infrastructures and their weakest links can lead to better
design and problem solving.
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Problem statement

�‡Minimal Load Shedding (MLS) problem that is used to 
model operational system reconfiguration during an N-k 
contingency in a pipeline system.
�± Components modeled: pipes, producers, compressors

�‡Find a gas flow solution that satisfies the physics of the 
Gas Network 
�± Pressures and flows 

MLS Worst k 
components

Joint Gas-Power 
Analysis
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Problem statement

�‡Minimal Load Shedding (MLS) problem that is used to 
model operational system reconfiguration during an N-k 
contingency in a pipeline system.
�± Components modeled: pipes, producers, compressors

�‡Find a gas flow solution that satisfies the physics of the 
Gas Network 
�± Pressures and flows 

MLS Worst k 
components

Joint Gas-Power 
Analysis

Gas analysis and
its impact on

Power
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Gas flow equations 3,4

�‡Connected graph G=(V,E) 

�‡Mass conservation

�‡Momentum balance 

�‡Gas-Power dependency (Heat rate Model) 
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Bi-level problem formulation 1

Outer Problem: 
Attacker 

Inner Problem: 
Defender

s.t.   Physical and 
operational constraints 

s.t.   
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Algorithm 1,2
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Preliminary Results

Cases Components (N) K=1 K=2 K=3 K=4

Belgian/ 
14 bus

42
Demand = 6.48

Iter = 42
0.79 sec
����� ������������

Iter = 861
15.51 sec
����� ����������

Iter = 11480
198.49 sec

����� ����������

Iter = 111930
30.5 min
����� ����������

NE/
36 bus

175
Demand = 75.1

Iter = 175
181 sec

����� ��������������

Iter = 15225
4.02 hours
����� ��������������

Iter = 877975
>9 days

NA
NA
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(Near) Future Steps

�‡Just finished implementing the algorithm �±Simulations 
vs previous results

�‡Through heat rate model, determine the power loss at 
each generator.  

�‡Conference paper for September 2019 for PSCC 2020
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Studying Ras Deactivation Through 
Molecular Dynamics Simulations

Dara Armstrong, Amy Migliori, Chris Neale
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� Ras is a protein that regulates cell growth

� Acts as an on-off switch

� Passes a signal along that tells cells to grow and 
divide

� Biggest difference between two states is seen in 
Switch 1 and Switch 2

What is Ras?
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Activated state (GTP) on the left, Deactivated (GDP) on the 
right. 
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� A significant percent of cancers are driven by 
mutations by the Ras gene

� >30  percent of all human cancers, 95 percent of 
pancreatic cancers and 45 percent of colorectal 
cancers (NIH) 

� If we learn more about Ras, info could be used to 
create drugs that can treat these cancers.

Why Study Ras?
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� Crucial to normal cell growth regulation

� Learning how Ras deactivates is helpful for drug 
discovery.

� Favorable interactions stop, allows regions to move 
away

Deactivation of Ras
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� We are using MD simulations to learn about Ras 
deactivation

� Put one Ras structure in, but it deactivated too fast

� We hypothesize that this happened because the 
structure was not fully activated

� Created a list of 25 Ras structures to test.

The Problem/Solution
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4XVQ Chain A

Amide H and GTPO

6GQY Chain F

MG Distance

Example
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� Ras is a protein that regulates cell growth

�  It's a driver behind a significant percent of cancers.

�  We are learning more about deactivation through 
MD simulations

� Despite these all being ªactiveº Ras structures, 
interactions between switch 1 and GTP and 
magnesium have very different stabilities

� No correlation between starting distances and time 
it took for the contacts to break

Conclusion
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Thank You!

Chris Neale

Amy Migliori

Phuong Chau 

Elizabeth Wait
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EpiGrid: A Hybrid Mode for Disease Spread
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Overview

1. The EpiGrid model

2. Hybrid mode
a. Why we need it
b. How it works

3. Example
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SIR model

Compartmental disease model:
�z Assumes homogeneous population
�z Includes contagion and duration of infection
�z Epidemics end by burn out of S

S I R
Susceptible Infected Recovered
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We want to capture the effects of: 

�‡ Human intervention

�‡ Vaccination, infection control, treatment, culling, movement 
control

�‡ Heterogeneous population

�‡ Generalized for different diseases

EpiGrid: Model formation
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EpiGrid: Disease Progression
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EpiGrid: Geographic Spread

Mourant, J. R.; Fenimore, P. W.; Manore, C. A.; McMahon, B. H. Decision Support for Mitigation of Livestock Disease: Rinderpest as a 
Case Study. Front. Vet. Sci. 2018, 5.

Weighted matrix to spread infection between cells based on
�z Population
�z Cities
�z Roads and rivers

Transfer function

R
el

at
iv

e 
tr

an
sm

is
si

on

Average of 
exponential 
decay within 
each box

Distance, x
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Large outbreaks �: deterministic

Small outbreaks �:�� stochastic  

�z Important for origin and extinction of epidemics

Hybrid mode: Discrete event dynamics
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�z Stochastic process 

�z Rejection method

�z �*�L�O�O�H�V�S�L�H�¶�V���2���±leaping method
�z # that transitions is a random sample from a Poisson 

distribution

Hybrid mode: How to implement
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Example: Marburg virus disease, Uganda 2012

�z Outbreak from July �±
October

�z Spread in three 
districts

�z 26 cases, 15 deaths 

B. Knust, et al. Multidistrict Outbreak of Marburg Virus Disease - Uganda, 2012. The Journal of Infectious Diseases, 212:s119�±s128, 2015.

Districts with MVD 
cases (n=3)

Districts submitting 
samples during outbreak 
(n = 17)
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Example: Hybrid 
simulation

Cumulative Cases
longitude

la
tit

ud
e

Cases

Slide 10

Legend
Simulation
Historical

Aug     Sep     Oct      Nov
Onset Date

Kabale

Kamwenge

Ibanda

C
as

es

Aug     Sep     Oct      Nov
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QUANTUM ALGORITHMS FOR 
LATTICE GAUGE THEORIES
PRESENTER: ALEX BUSER 

ADVISER: TANMOY BHATTACHARYA



MOTIVATION

CAN A QUANTUM COMPUTER EFFICIENTLY SIMULATE OUR UNIVERSE?



BACKGROUND

WHY LATTICE GAUGE THEORY?

! Quantum Computers excel at simulating quantum systems 

! Natural candidate: Quantum Field Theory (QFT) 

! Lattice gauge theory is essential to theoretical physics 

! Previous work: Q. Computers can efÞciently simulate 
particle collisions in simple QFTÕs [1] 

! Can we extend this result to lattice gauge theories? 

! What can we do with near-term (NISQ) devices?



BODY 1/3

THE NON-LINEAR SIGMA MODEL

! Interesting Þeld theories have inÞnitely many degrees of freedom 

! But, Q. Computers deal with Þnitely many discrete objects - qubits 

! Non-Linear Sigma Model (NLSM) captures essential issue 

! QFT with continuous, non-commutative symmetry 

! Stepping stone towards lattice gauge theories 

! Originally proposed to model mesons [2] 

! Collaborators proposed discrete version of NLSM [3] 

! We explored how to simulate it on a Q. Computer



BODY 2/3

GROUND STATE PREPARATION

! We found an efÞcient quantum circuit to simulate this model [4,5] 

! First step: adiabatic state preparation to Þnd the ground state [6] 

! From the ground state, interesting quantities can be computed



BODY 3/3

QUANTUM CIRCUIT COMPILING

! Problem: Our exact method requires too many gates for 
current quantum devices to handle 

! Solution: Use machine-learning to Þnd approximate 
version with fewer gates (QAQC, [7])
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HOW TO PLAN AN ELECTRICITY DISTRIBUTION GRID SO 
THAT IT CAN SURVIVE OR RECOVER QUICKLY FROM 

EXTREME WEATHER RELATED DISTURBANCES



Geunyeong Byeon Ñ 2019 Theoretical Division Lightning Talks

Figure 1: Florida Power Outages by County during Hurricane Irma 

HURRICANE IRMA

Source: U.S. Energy Information Administration based on data  
from Florida Division of Emergency Management and NOAA National Hurricane Center 
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Figure 2: Michigan Power Outages 

LAST MONTH IN MICHIGAN

Source: DTE Power Outage Map 
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VULNERABILITY TO EXTREME WEATHER EVENTS

etc.
7%

Severe Weather
93%

Figure 2: Major electric disturbances, each affecting at least 50,000 customers for more than an hour 
(derived from Form OE-417 of U.S. DOE).  

2014 - 2019
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HARDENING AND MODERNIZING DISTRIBUTION GRIDS AGAINST 
WEATHER-RELATED EXTREME EVENTS

Physical measures

¥ Undergrounding 
¥ Stronger materials

¥ Distributed generation (DG) 
¥ Remotely controlled switches (RCSs)

Operational measures

SOURCE: IEEE
SOURCE:  
HTTP://WWW.EMFS.INFO/SOURCES/UNDERGROUND/TYPES/
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HARDENING AND MODERNIZING DISTRIBUTION GRIDS AGAINST 
WEATHER-RELATED EXTREME EVENTS
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HARDENING AND MODERNIZING DISTRIBUTION GRIDS AGAINST 
WEATHER-RELATED EXTREME EVENTS
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HARDENING AND MODERNIZING DISTRIBUTION GRIDS AGAINST 
WEATHER-RELATED EXTREME EVENTS
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FUNCTIONAL INTERDEPENDENCIES BETWEEN A POWER GRID  
AND ITS COMMUNICATION NETWORK
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How to harden and modernize the grid, 
while capturing the dependencies

FUNCTIONAL INTERDEPENDENCIES BETWEEN A POWER GRID  
AND ITS COMMUNICATION NETWORK
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THE OPTIMAL RESILIENT DESIGN PROBLEM  
FOR DISTRIBUTION AND COMMUNICATION  SYSTEMS (ORDPDC)

A Multi-Scenario Model posed as a Two Stage Mixed-Integer Linear Programming Problem 

c) a linear approximation of steady-state, unbalanced three phase AC power 
flow,  proposed by (Gan et al. 2014) 
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THE OPTIMAL RESILIENT DESIGN PROBLEM  
FOR DISTRIBUTION AND COMMUNICATION  SYSTEMS (ORDPDC)

Block Diagonal Structure
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SOLUTION APPROACH:  
BRANCH-AND-PRICE ALGORITHM

+ Several accelerating schemes

Reformulation using the Block Diagonal Structure
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TEST SYSTEMS
! Physical network 

- Rural & Urban network

Rural Network Urban Network

- Network123 : Based on the 123 node network of (Kersting 1991)

! Communication network 
- Constructed through some alteration of its physical grid 
- Assumption: the damage, installation, and hardening of a power line incur 

that of the corresponding communication link, respectively.  
-
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COMPUTATIONAL RESULTS

! Scenario-based decomposition (SBD) algorithm (Yamangil et al. 2015) 

Figure 3: Comparison of Computation Times: SBD versus B&P 

(a) Computation Times (b) Average Computation Times and 95% 
ConÞdence Intervals
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COMPUTATIONAL RESULTS

! Scenario-based decomposition (SBD) algorithm (Yamangil et al. 2015) 

Strong lower bound & EfÞcient column generation

(a) Computation Times (b) Average Computation Times and 95% 
ConÞdence Intervals

Figure 3: Comparison of Computation Times: SBD versus B&P 
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COMPUTATIONAL RESULTS

! Good lower bound  

! Efficient column generation 

  denotes that the algorithm reaches the wallclock time limit for some instances 

Using column 
generation 
with dual 
stabilization

Table 1: Branching Tree Statistics

Table 2: Comparison to a Column Generation with Dual StabilizationUsing standard 
column 
generation
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IMPROVING SCALABILITY
! Scale the algorithm to 8500-nodes networks with a set of thousand damage 

scenarios



Geunyeong Byeon Ñ 2019 Theoretical Division Lightning Talks

IMPROVING SCALABILITY
! Scale the algorithm to 8500-nodes networks with a set of thousand damage 

scenarios
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IMPROVING SCALABILITY
! Scale the algorithm to 8500-nodes networks with a set of thousand damage 

scenarios
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! Gan, Lingwen, and Steven H. Low. "Convex relaxations and linear approximation 
for optimal power flow in multiphase radial networks." 2014 Power Systems 
Computation Conference. IEEE, 2014. 
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Quantum spin- �¤
Ú

Ûparticles on a chain

�=�5
�>�5

�=�6
�>�6

�=�7
�>�7

�=�8
�>�8

�=�9
�>�9

�T �T �T �T

To describe the state of �Jquantum particles, we 
need 
R�t�á numbers.

Exponentially large state space �² makes classical 
simulation intractable for more than tens of 
particles.



�´�1�D�W�X�U�H���L�V�Q�
�W���F�O�D�V�V�L�F�D�O�����G�D�P�P�L�W�����D�Q�G���L�I���\�R�X���Z�D�Q�W���W�R��
make a simulation of nature, you'd better make it 
quantum mechanical, and by golly it's a wonderful 
�S�U�R�E�O�H�P�����E�H�F�D�X�V�H���L�W���G�R�H�V�Q�
�W���O�R�R�N���V�R���H�D�V�\���µ���² Richard 
Feynman (1982) 



Dynamics or time evolution

Properties of systems in thermal 
equilibrium

Properties of ground or excited states

Simulate classical stochastic processes 
using quantum computers



Time evolution problem: Prepare �A�?�Ü�Á�ç���ð�çfrom 

some initial | �ð�ç.

Many known quantum algorithms can do this. 
Running time scales almost linearly in �P, and as 
�Ž�‘�‰�:�s���ó�;.
�ó�\ precision of the simulation

Other simulation problems can be 
effectively mapped to the problem of 

simulating time evolution.



Sample from the Gibbs state of quantum systems

For a quantum Hamiltonian �* and (inverse) 

temperature �Ú, prepare the density matrix �é
L
�5

�ô
�A�?�	�Á.

Quantum algorithm: high -level idea:

1. Start with a maximally entangled state of two 
subsystems. 

2. Apply imaginary -time evolution �A�? �¤�	�Á �6 to one 
subsystem. 

3. Trace out the other subsystem.

Key problem: How do we apply �A�? �¤�	�Á �6using �A�?�Ü�Á�ç?



�A�? �¤�	�Á �6

Start with the Hubbard -Stratonovich transformation:

�A�? �¤�	�Á �6 
L
�5

�6��
�ì�?�¶

�¶
�@�U�A�? �¤�ì �. �6�A�?�Ü�ì �	�Á

Truncate and discretize to approximate �A�? �¤�	�Á �6 as a 

linear combination of time evolutions (unitaries).

Approximation is efficient since the coefficients 
decay very fast. Needs only �Ž�‘�‰�:�s���ó�; terms.

For many physical Hamiltonians, we can efficiently 

simulate evolution with an effective �* .

A linear combination of unitaries can be 
implemented on a quantum computer.



�ƒWe give a quantum algorithm for preparing Gibbs 
states of quantum Hamiltonians that has complexity 


è�1 �¤�&�Ú�ô�Ž�‘�‰
�5

�"
. 

�ƒ �&�: dimension of quantum system;

�ƒ Improvement over an earlier quantum algorithm with 

complexity 
è�1
�	

�"
�&���ô .

�ƒExponential improvement in precision, polynomial 
improvement in other parameters.



�‡Can be used to evaluate performance of 
randomized algorithms

�‡Quadratic improvement over classical algorithm

Quantum algorithm 
to estimate hitting -

time of classical 
stochastic processes

�‡Can be used to prepare ground states of many -
body Hamiltonians

�‡Reduced resource requirements compared to 
earlier algorithms

Improved quantum 
algorithm for 

reflecting about 
eigenstates



Anirban Narayan Chowdhury and Rolando D. Somma, 
Quantum algorithms for Gibbs sampling and hitting -
time estimation, Quantum Information and 
Computation 17 1 -2, 41-64 (2017).

Anirban Narayan Chowdhury, Yigit Subasi, and 
Rolando D. Somma, Improved implementation of 
reflection operators , arXiv:1803.02466 (2018).
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Equilibrium Theory
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Background

In 1984, Goldstein and
Perelson published
Equilibrium Theory for the
Clustering of Bivalent Cell
Surface Receptors by
Trivalent Ligands.

The paper determines
gelation conditions for
trivalent ligand-bivalent
receptor dynamics.

This paper does not include
simple ring formation.

Importance: large and small
aggregates have di�erent
signaling properties.



Original 1984 reactions



Goal: Add simple ring formation

The goal is to add simple
ring formation and
understand how the gelation
conditions change.

The expectation is that the
addition of simple ring
formation should make it
more di�cult for gels to
form.



Original result



Attempt to �nd critical values ofc that separate phase
space

During the calculation to �nd critical values ofc, we are left with two
nonlinear equations.

(� 3� 4w4� + 2 �� 3w3 + 1)

 w

� 1 = 0

4
 w2

(1 � � w)2(1 � � (� w)3)2 � 1 = 0:

In the original paper, the authors solved the �rst equation forw and
substituted into the second equation. This will not work, but we can use
resultant analysis.



De�nition of the resultant

The resultant is the determinant of the Sylvester Matrix for two given
polynomials. Given

f (x) = anxn + an� 1xn� 1 + � � � + ao

and
g(x) = bmxm + bm� 1xm� 1 + � � � + bo;

the Sylvester Matrix,S, is de�ned as follows:

S =

2

6
6
6
6
6
6
6
6
6
6
6
6
4

an an� 1 an� 2 : : : ao 0 0
0 an an� 1 : : :
...

. . .
0 0 0 : : : a1 ao

bm bm� 1 bm� 2 : : : bo 0 0
0 bn bn� 1 : : :
...

. . .
0 0 0 : : : b1 bo

3

7
7
7
7
7
7
7
7
7
7
7
7
5

:



Key fact

The resultant of two polynomials is zero if and only if the polynomials
have a common root.



Example

Let f (x) = a1x + ao and g(x) = b1x + bo. Note that a1; ao; b1; and bo

can depend nonlinearly on other variables. Then the Sylvester Matrix is:

S =
�
a1 ao

b1 bo

�
:

Therefore,Res(f ; g; x) = det(S) = a1bo � aob1 = a1b1

�
bo
b1

� ao
a1

�
.

Using the resultant, we get a polynomial of coe�cients.



Resultant analysis

Taking the resultant of the numerators of the conservation law and
de�nition of U(w) when U(w) = 1, we �nd that



Results

Perturbing the ring formation parameter narrows the gelation window. As
we expected!

KR Positive Roots of c (greater than zero)
0 0.02191664718, 0.09221647597, 0.09221647597, 0.09221647597,2.683965706

0.0001 5.486927801 � 10� 11, 0.02191728718, 0.08389984120,2.683957078
0.001 5.486561705 � 10� 9, 0.02192304760, 0.07529657019,2.683879427
0.01 5.482873810 � 10� 7, 0.02198070269, 0.05976625497,2.683102884
0.05 0.00001366473083,0.02223806384, 0.04404416650,2.679650825
0.1 0.00005443317244,0.02256232154, 0.03632154879,2.675334018
0.2 0.0002157498717,0.02321931654, 0.02837431433,2.666694639
0.25 0.0003354252278,0.02355203189, 0.02582915491,2.662372076
0.3 0.0004804619180,0.02377262814, 0.02388754611,2.658047602
0.5 0.001303006877, 0.01820499277,0.02525734510, 2.640730675
1 0.004824660975, 0.01144156104,0.02887228891, 2.597306452
2 0.006131363426, 0.01584516892,0.03688463662, 2.509904083
3 0.003881197796, 0.02910401580,0.04589018122, 2.421781201
4 0.002681912420, 0.04311594055,0.05585885023, 2.332951619
5 0.001962535527, 0.05752950994,0.06679550127, 2.243418073
6 0.001496729376, 0.07231346766,0.07873831452, 2.153169101
10 0.0006554962173, 0.1363367290,0.1385549070, 1.783996422
15 0.0003220219314, 0.2326624246,0.2609217583, 1.288480988
17 0.0002566628186, 0.2781758478,0.3479843882, 1.058199746
19 0.0002092982445, 0.3286663520,0.5746363439, 0.6926182272

19.06 0.0002080850365, 0.3302652480,0.6259510296, 0.6372073116
20 0.0001903732358, 0.3559960324



References

B. Goldstein and A.S. Perelson (1984)

Equilibrium Theory for the Clustering of Bivalent Cell Surface Receptors by Trivalent Ligands

Biophysical Journal Volume 45, Issue 6, June 1984, Pages 1109-1123



Comparative studies of 
magnetic reconnection in 
kinetic simulations and 
laboratory experiments

Samuel Greess 1

A. Stanier 2, J. Egedal 1, W. Daughton 2, C.B. Forest 1

J. Olson 1, A. Lê 2, R. Myers 1, A. Millet -Ayala 1, 
The TREX Team 1

The WiPPL Group 1

1) UW-Madison  2) LANL

T Division Student Lightning Talk
27 August 2019



Magnetic Reconnection

Samuel Greess Student Lightning Talk 2

Magnetic Reconnection- magnetic field lines break their 
topology and reorganize, turning magnetic energy into 
kinetic.

gif credit: ChamouJacoN - Own 
work, Public Domain, 
https://commons.wikimedia.org/
w/index.php?curid=7496329



Magnetic Reconnection

Samuel Greess Student Lightning Talk 3

Magnetic Reconnection- magnetic field lines break their 
topology and reorganize, turning magnetic energy into 
kinetic.

gif credit: ChamouJacoN - Own 
work, Public Domain, 
https://commons.wikimedia.org/
w/index.php?curid=7496329
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Magnetic Reconnection

Samuel Greess Student Lightning Talk 4

Satellites and probes (MMS, Cluster, SDO, etc.) can take measurements at these 
sites, but they have significant limitations.



Magnetic Reconnection

The physics of magnetic reconnection is determined by 
�W�K�H���J�H�Q�H�U�D�O�L�]�H�G���2�K�P�¶�V���/�D�Z���D�Q�G���L�W�V���E�H�K�D�Y�L�R�U���L�Q���G�L�I�I�H�U�H�Q�W��
parameter regimes:

Samuel Greess Student Lightning Talk 5
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L �r

Ideal MHD: magnetic field and plasma are tied 
together (frozen flux):



Resistive term

No resistivity in ideal 
MHD

Electron 
Inertia

Magnetic Reconnection

The physics of magnetic reconnection is determined by 
�W�K�H���J�H�Q�H�U�D�O�L�]�H�G���2�K�P�¶�V���/�D�Z���D�Q�G���L�W�V���E�H�K�D�Y�L�R�U���L�Q���G�L�I�I�H�U�H�Q�W��
parameter regimes:

Samuel Greess Student Lightning Talk 6

Two-Fluid terms
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scales 
�1�@�Ü

Multiscale 
(depends on 
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M�r, but cannot 
break frozen 

flux 

Kinetic Reconnection:  Kinetic effects impact the 
reconnection dynamics.  This is our area of 

�I�R�F�X�V�«

�\ �r �=�O�å�Ö�â�ß�ß�\ �r
Standard @ 

magnetosphere; very 
difficult for experiment

Magnetic Reconnection

The physics of magnetic reconnection is determined by 
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parameter regimes:
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Decreasing collisionality

Signatures of Collisionless Reconnection

Samuel Greess Student Lightning Talk 8

Simulation Results: reconnection features vs collisionality Le et al., JPP (2014)

Out-of-plane 
current

In-plane
current



Decreasing collisionality

Signatures of Collisionless Reconnection

Samuel Greess Student Lightning Talk 9

Simulation Results: reconnection features vs collisionality Le et al., JPP (2014)

Thinner out -of -
plane current 

layers

Longer outflow 
jets on the order 

of several �Š�•

As collisionality decreases, 
�Z�H���V�H�H�«



Signatures of Collisionless Reconnection
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Simulation Results: reconnection features vs collisionality Le et al., JPP (2014)

Thinner out -of -
plane current 

layers

Longer outflow 
jets on the order 

of several �Š�•

Assertion: TREX 
has extremely low 

collisionality

Can we see 
these features 

in TREX?



TREX - WiPPL and the BRB
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�‡3m diameter spherical 
aluminum vessel

�‡36 rings of permanent 
magnets

�‡External 4m diameter 
Helmholtz coil

�‡Plasma can be 
generated by LaB6 
cathodes or injected by 
polar plasma guns



TREX - WiPPL and the BRB
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Probes and 
hardware can be 
installed through 
vessel ports or 

directly inside by 
opening the 
vessel to air



TREX Setup

Samuel Greess Student Lightning Talk 13

3 drive coils 
pulse on to drive 
reconnection off 
the Helmholtz 

field

As the drive 
current ramps 

up, the 
reconnection 

layer is pushed 
down toward the 

central axis

Diagnostic Suite:

Linear Bdot Probe (blue):
�‡15 3-axis Bdot probes

�‡Resolution: up to 10MHz, down to 2.5cm

�6�ØProbe (short red):
�‡16 tip Langmuir probe

�‡Resolution: 10MHz, ~3cm

Speed Probe (long red):
�‡15 single axis Bdot probes

�‡Resolution: 2MHz, 6cm



Example: TREX magnetic profiles 2017
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Hydrogen 3kV Drive 30G HH field Deuterium 7kV Drive 70G HH field



Example: TREX magnetic profiles 2017
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Hydrogen 3kV Drive 30G HH field Deuterium 7kV Drive 70G HH field

Reconnecting Magnetic Fields



Example: TREX magnetic profiles 2017
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Hydrogen 3kV Drive 30G HH field Deuterium 7kV Drive 70G HH field

Out-of-plane Reconnection Current 
Layer



Example: TREX magnetic profiles 2017
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Hydrogen 3kV Drive 30G HH field Deuterium 7kV Drive 70G HH field

Inflow and Outflow Currents



Cylindrical VPIC
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�‡ TREX is a 3D experiment with a cylindrical symmetry - can we 
simulate our geometry without doing a full 3D Cartesian simulation?

�‡ New cylindrical VPIC (a LANL code) allows us to simulate 2D �:�4�á�<�;
slices of TREX as well as the more expensive 3D runs 

VPIC: Vector Particle -In-Cell

VPIC is a first -principles simulation: it makes no approximations.

+ optional 
collision 
operator



Experimental Schematic + 2D VPIC results
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3D VPIC - initial results

Samuel Greess Student Lightning Talk 20

Drive Coils

Current Layer

Mass ratio 400 run over a �x�r�¹angular wedge



Exp/Sim Disagreement - Layer Width
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�‡ Width of the layer is 
analogous to the extent 
of the diffusion region

�‡ Prior experiments 
measured thick layers 
while claiming to be 
collisionless

�‡ Simulations (including 
2D VPIC) show layers 5 
times thinner



TREX 2018 - Layer Width

Samuel Greess Student Lightning Talk 22

�‡ Take shots over multiple 
different drive potentials 
and Helmholtz fields

�‡ ~10 shots averaged 
together per data point

�‡ As expected, clear 
divide between low 
density (2 guns) and 
high density (6 guns) 
points



3D Cylindrical VPIC- Layer Width

Samuel Greess Student Lightning Talk 23

�‡ 400 mass ratio 60�ƒ
angular wedge

�‡ Measure angular 
dependence of layer 
width.

�‡ Mean and standard 
deviation of width 
measurements defines 
the shaded region

3D VPIC



Conclusion

�‡ Magnetic Reconnection changes magnetic topology; 
different types of reconnection have different features.

�‡ TREX is designed to recreate the phase space that 
characterizes kinetic reconnection at the magnetopause.

�‡ Cylindrical VPIC has been used to model the TREX 
geometry.

�‡ TREX and Cylindrical VPIC results compare favorably 
with each other and previous simulations

Samuel Greess Student Lightning Talk 24



Fast-forwarding Quantum Simulation
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Motivation

Testing models and predicting behaviors

Classical simulation
Fluid dynamics, astrophysics, engineering

Quantum simulation
Applications in physics, chemistry, and biology
Quantum phase transitions, superconductivity, magnetism,
quantum chemistry, nuclear physics

Bailey Gu, Rolando Somma Fast-forwarding Quantum Simulation



Quantum simulation

Classically intractable because of the exponentially large
Hilbert space

dim(H 
 n) = (dim H)n

Assuming 8 bits of precision per entry, it would take 1024 bytes
of information to represent the state of an 80-qubit system

Can we simulate with a quantum computer?
\Nature isn't classical. . . and if you want to make a simulation
of Nature, you'd better make it quantum mechanical, and by
golly it's a wonderful problem, because it doesn't look so easy."

Feynman, 1981

Bailey Gu, Rolando Somma Fast-forwarding Quantum Simulation
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Approach 1: Quantum simulator

Mimics the system to be simulated

Special purpose

Let the simulator naturally evolve to simulate the system

Bailey Gu, Rolando Somma Fast-forwarding Quantum Simulation



Approach 2: Quantum computer

Can apply quantum gates which are universal for quantum
computation

Uses quantum algorithms for di�erent tasks, including
simulation of many di�erent quantum systems

Requires more control

Gate complexity is the number of elementary operations to
implement a circuit

U = e� iHt

M
easurem

ent

j i M
Quantum
system

Decode
results

Bailey Gu, Rolando Somma Fast-forwarding Quantum Simulation



No fast-forwarding theorem

A Hamiltonian is a matrix that models the interactions and
evolution of a system

A local Hamiltonian is one that can be written as

H =
X

i

Hi

where eachHi acts on at mostk qubits

Fast-forwarding means to simulate the quantum evolution of
a system for timet with gate complexity sublinear int

Theorem (Berry, Ahokas, Cleve, Sanders): There are local
Hamiltonians that cannot be fast-forwarded

Bailey Gu, Rolando Somma Fast-forwarding Quantum Simulation



Hamiltonians that can be fast-forwarded

Diagonalizable Hamiltonians

Hamiltonians with integer spectra

Hamiltonians with certain extra structure

Bailey Gu, Rolando Somma Fast-forwarding Quantum Simulation



Hamiltonians preserving total angular momentum

Hamiltonian written in terms of angular momentum operators
Jz; J+ ; J� satisfying

[Jz; J� ] = � J�

[J+ ; J� ] = Jz

Example: Lipkin-Meshkov-Glick model in nuclear physics

H = Jz +
V
2n

(J2
+ + J2

� ) +
W
2n

(J+ J� + J� J+ )

Bailey Gu, Rolando Somma Fast-forwarding Quantum Simulation



Simulation of angular momentum Hamiltonians

j0i =

UBT

jJi
�

Uy
BT

j0i

j0i =
jmi

e� iHt
�
�
VJ

j0i

jxi =
jpi

jxi

O(n3) O(n3) O(n3)

| {z } | {z }| {z }

Total O(n3) gates for the simulation

Bailey Gu, Rolando Somma Fast-forwarding Quantum Simulation



Conclusions

Quantum simulation is a promising �eld with many
applications

We can fast-forward the simulation of certain systems but not
in general

Hamiltonians preserving total angular momentum, including
the LMG model, can be simulated e�ciently by transforming
to the total angular momentum basis

Bailey Gu, Rolando Somma Fast-forwarding Quantum Simulation
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Three Temperature Fusion 
Burn
FOR USE IN INERTIAL CONFINEMENT FUSION (ICF)

T-3: FLUID DYNAMICS AND SOLID MECHANICS



Inertial Confinement Fusion

! ~10 milligram Deuterium -Tritium fuel pellets

! External heating via lasers or x -rays

! Inward shockwave compresses to ignition

Image from Wikipedia.org

Los Alamos National Labs



Fusion Reaction

!

! 17.6 MeV of energy released

! 14.1 to neutron

! 3.5 to alpha particle

! Neutron energy assumed lost for this application

Image from Wikipedia.org

Los Alamos National Labs



Three Temperatures

! Ion Temperature

! Primary driver of fusion reaction

! Electron Temperature

! Radiation Temperature/Energy 
density

! Heat sink for simplified system

! Photon leakage not accounted for

! 4T and multigroup approximations 
would be more accurate, but the 
3T approximation simplifies the 
system while maintain accuracy in 
early time burn. 

Los Alamos National Labs



Motivation

! High-energy density physics requires accurate and efficient 
radiation -hydro dynamics simulation capabilities

! The Ristra NGC project is building modular Multiphysics simulation 
tool on top of  Flexible Computer Science Infrastructure (FleCSI)

! This work fits into a much larger integrated framework for 
computational physics problems

! The ultimate goal is to create a large, complex model by 
combining multiple, single physics models running in parallel

Los Alamos National Labs



FleCSI

! FleCSI is a C++ programing system

! Provides an insulation layer 
between computer hardware 
and computational physics 
development 

! Usable interface for running 
codes in parallel

! Portable across hardware

! Ristra NGC is developing a 
Multiphysics simulation using 
FleCSI

Los Alamos National Labs



Assumptions

! Ò0D SystemÓ

! Spatial dependence ignored

! Representative point

! Total loss of neutron energy

! Large mean free path

! Instant alpha thermalization

! Short mean free path

! Reactions other than D -T ignored

! D-D, T-T Reaction kernels much 
smaller than D -T kernel

! Future work will seek to mitigate or 
eliminate these assumptions

Los Alamos National Labs



Methodology

! 5 equations describe the problem

! Deuterium density

! Tritium density

! Ion temperature

! Electron temperature

! Radiation temperature

! Radiation energy density

dnD

dt
= ! RDT = ! nD nT < ! v > DT
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Methodology cont.

! C++ was used to develop 5 methods of solving the ODEÕs

! Runge -Kutta , 1st order (RK1), also known as EulerÕs method

! Runge -Kutta , 4th order (RK4)

! Semi-implicit treatment of temperatures(Semi)

! Semi-implicit treatment of temperatures, accounting for energy 
conservation(Semi -EB)

! Fully implicit treatment of problem using Newtons method

! In Multiphysics simulation, the time step size may be dictated via other 
physics.

! Thus, we want various options of solving ODEs in terms of accuracy and 
efficiency.
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Explicit
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Semi-Implicit
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Semi-Implicit, Balanced

3
2

nek
Tn +1

e ! Tn
e

! t
= E! RDT f ! e+ ! ie (Tn +1

i ! Tn +1
e )+( ! p + ! c)(Tn +1

r ! Tn +1
e )

<latexit sha1_base64="GrhSW4zMOKq3katEOETrfO6qL1k="></latexit><latexit sha1_base64="zCYbI0qKimWAQIIVaSOtlgXpXu4="></latexit><latexit sha1_base64="zCYbI0qKimWAQIIVaSOtlgXpXu4="></latexit><latexit sha1_base64="aY7AAr4amErKCpgtTX5Of7ERyiE="></latexit>

4aT3
r

Tn +1
r ! Tn

r

! t
= ( ! p + ! c)(Tn +1

e ! Tn +1
r )

<latexit sha1_base64="bct8nuxnYtf9fp9eilMl4hkFjHs="></latexit><latexit sha1_base64="l1+MIq2cDZGfpb0gSaZ4WcnUZhE="></latexit><latexit sha1_base64="l1+MIq2cDZGfpb0gSaZ4WcnUZhE="></latexit><latexit sha1_base64="LI2uJ2biIQoystUwOkLRV1MpG4w="></latexit>

Los Alamos National Labs

nn +1
D ! nn

D

! t
= ! nn +1

D nn +1
T < ! v > DT

nn +1
T ! nn

T

! t
= ! nn +1

D nn +1
T < ! v > DT

<latexit sha1_base64="opwQ5KP0LjpHr2u5Z5zZMxySt1Q="></latexit><latexit sha1_base64="9aqYmG8UmXw1QSRWvV0EWUvC+3o="></latexit><latexit sha1_base64="9aqYmG8UmXw1QSRWvV0EWUvC+3o="></latexit><latexit sha1_base64="xqPIjZefyXWT30vp8hXjjYCCG94="></latexit>

3
2

ni k
Tn +1

i ! Tn
i

! t
= E! RDT f ! i + ! ie (Tn +1

e ! Tn +1
i )

<latexit sha1_base64="tCrk1Sah2Yl9iS87jYUkmbpeLD8="></latexit><latexit sha1_base64="VbXs4dblssH7ZugzcKgZnd8YZvQ="></latexit><latexit sha1_base64="VbXs4dblssH7ZugzcKgZnd8YZvQ="></latexit><latexit sha1_base64="pARu4SEqCZVhfmWsl5GqJutLHyc="></latexit>

! System is harder to 
solve (for humans)

! Material properties 
remain explicit

! Conserves energy
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! Non -linear, more 
complex than 
shown

! Newtons method to 
converge on each 
time step



Accuracy Results

RK4, converged
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1Vold, E., Hryniw, N., Hansen, J., Kesler, L., Li, F. Uniform DT 3T Burn: Computations and Sensitivities. 



! At 1e -12 second or 
smaller step size, all 5 
methods show 
indistinguishable 
values
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! At 1e -11 second step 
size, all methods 
show mild variation

! Semi-implicit 
methods show the 
most sensitivity to 
step size
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! At 1e -10 second step 
size, explicit methods 
destabilize.

! Semi-implicit 
methods greatly lose 
accuracy

! The fully implicit 
method loses some 
accuracy

! Smaller step sizes 
lack required 
granularity
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! Plots of number 
density repeat trends 
shown by 
temperature
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Runtime Comparison with FleCSI

! FleCSI divides a mesh of cells among a number of processors (spatial 
domain decomposition)

! Cells may require information from other cells

! Communication time between processors can increase runtime

! While this simplified 0D system doesnÕt need this communication, the full 
Multiphysics product will
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Runtime Comparison, cont.

Runtime with Communication Non -Communication Runtime
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Runtime Comparison, cont.

! Communication accounts for 50% 
of runtime with only 8 cores

! ÒLongÓ communication time could 
be an issue with the full 
Multiphysics simulation

! This could be due to the 
(relatively) simplified physics

Relative Communication time
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Runtime Comparison, cont.

Step size RK1 RK4 Semi Semi-EB Full

1e-12 0.2828 0.4326 0.2690 0.2713 0.3835

1e-11 0.0273 0.0421 0.0262 0.0266 0.0446  

1e-10 ---- ---- ---- ---- 0.0069
Runs end at 5e -9
Done on snow with 8 processors

Los Alamos National Labs

! All methods are linear with step size, except Fully 
implicit

! This is due to newtons method taking extra 
iterations to converge



Conclusions and Future Work

! Spatial dependence 

! Radiation -hydrodynamics

! Alpha thermalization time

! Optimize code

! 4 temperature model
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*Answers not guarantied accurate
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Table 1

Neutrino oscillation parameters taken from Ref. [ 4]. For the atmospheric mass-squared splitting ( ! m2
3x), the

best fit results for both the normal and the inverted mass hierarchy are shown. These values are used in all
the following plots except where noted.

Parameter Best fit value ± 1" 3" range

sin2 #12 0.304+ 0.012
! 0.012 (0.270, 0.344)

#12 (degrees) 33.48+ 0.77
! 0.74 (31.30, 35.90)

sin2 #23 [0.451+ 0.001
! 0.001 ] or 0 .577+ 0.027

! 0.035 (0.385, 0.644)

#23 (degrees) [42 .2+ 0.1
! 0.1] or 49 .4+ 1.6

! 2.0 (38.4, 53.3)

sin2 #13 0.0219+ 0.0010
! 0.0011 (0.0188, 0.0251)

#13 (degrees) 8.52+ 0.20
! 0.21 (7.87, 9.11)

$CP (degrees) 251+ 67
! 59 (0, 360)

! m2
21" 10! 5 eV2 7.50+ 0.19

! 0.17 (7.03, 8.09)

(normal) ! m2
31" 10! 3 eV2 + 2.458+ 0.046

! 0.047 (+ 2.325, + 2.599)

(inverted) ! m2
32" 10! 3 eV2 ! 2.448+ 0.047

! 0.047 (! 2.590, ! 2.307)

Fig. 1. Pattern of neutrino masses for the normal and inverted hierarchies is shown as mass squared. Flavor composition of the mass eigenstates as the
function of the unknown CP phase $CP is indicated. ! m2

atm # |! m2
31| # |! m2

32 | and ! m2
sol # ! m2

21 stands for the atmospheric and the solar mass-squared
splitting, respectively.

Depending on the MH, a lower limit of mcosmo is # 0.05 eV for NH and # 0.1 eV for IH. Thus, knowing the MH changes the
lower limit by a factor of two, and correspondingly restrict the range of the sum.

Most theoretical models of neutrino mass assume that neutrinos are massive Majorana fermions. The best way to test
such a hypothesis is to search for the neutrinoless double beta decay 0 %&&; its rate is proportional to the square of the
effective neutrino mass mee := || Ue1|2m1+| Ue2|2m2e2' i+| Ue3|2m3e2&i |. That quantity is restricted from below, mee $ 14 meV
(taking into account the 3 " error bars of the oscillation parameters) for IH while mee = 0 is possible for NH. Thus, if IH is
realized in nature, the next generation of the 0 %&&experiments can decide whether neutrino are Majorana fermions or
not.

Similarly to most of the parameters describing neutrino mass and mixing, the neutrino MH can be accessed through
the neutrino flavor oscillation. As shown in Table 1, there are two small parameters in the neutrino oscillation description;
the mixing angle #13 (sin2 #13 # 0.022) and the ratio ! m2

21/ ! m2
31 (# 3%). Due to this feature, most oscillation results are

reasonably well described in the framework of mixing only two neutrinos, instead of three. In this case, the probability of
flavor change in the vacuum and the oscillation length are given by

P(%l % %l&) = sin2 2# ásin2

!
1.27 á

! m2(eV2) áL(m)
E(MeV)

"
, Lvacuum(m) =

2.48 áE%(MeV)

! m2(eV2)
(3)

and, obviously, the sign of ! m2 (the mass hierarchy) cannot be determined in such case.
Therefore, in order to determine MH, i.e. to find effects that are sensitive to the sign of ! m2

31 or ! m2
32, one has to either go

beyond the vacuum oscillation or go beyond the simple framework of two-neutrino mixing. Correspondingly, there are two
direct ways to determine MH. In the first method, instead of the neutrino propagation in vacuum, one uses the propagation in
matter where an additional phase from the interaction between neutrinos and the matter constituents makes the hierarchy
determination possible. This effect is commonly referred to as the MikheyevÐSmirnovÐWolfenstein (MSW) effect [ 8Ð10]
or the matter effect. In the second method, one explores the aforementioned small difference ( ! m2

21) between ! m2
31 and
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928 D. Nrtzold, G. Raffelt / Neutrino dispersion 

A magnetically induced spin precession is suppressed if [8] I kErefr .I >> 2~%B where 
I* ~ is the neutrino magnetic dipole moment. 

3. Lowest order contribution to the refractive index 

3.1. N E U T R I N O  B A C K G R O U N D  OF A D IFFERENT FLAVOR 

As our first case we examine the propagation of a neutrino in a bath of 
(anti-)neutrinos of a different flavor. The one-loop interaction with the ambient heat 
bath is then given by the tadpole graph, fig. la. With the electroweak coupling 
constant g and the weak mixing angle 0w, we find for the self-energy 

ig ) 2 d4p 
i~tadpole = 4COS0w " { " ( 1 - v s ) i D Z ( a ) f ~ - ~ t r [ v  (1--Ys) iST(p) ] ,  (11) 

where DZ(A) is the vacuum propagator of the Z¡-boson at momentum transfer A. 
Overall momentum conservation yields A = 0, i.e., forward scattering of the test 
neutrino, so that D~ z = g~/m2z may be used. Considering only the FTD part of this 
expression, we find with the Fermi constant G v = v~g2(8m2zcos2Ow)-i the result 

b L = -T- v~-GF(N~ L - N~L). (12) 

The upper sign refers to a test neutrino, the lower sign to a test anti-neutrino. 

Z o 

V v v V 

(a) 

W t, Z 0 

f 

( b )  

Fig. 1. One-loop thermal contributions to the neutrino self-energy. (a) Tadpole graph - the fermion in 
the loop can be of any species. (b) Bubble g r a p h -  the fermion in the loop is either a background 

neutr ino of the same flavor as the test neutrino or a charged lepton corresponding to the test neutrino. 
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Forward scattering (a coherent,
GF effect) gives neutrinos effective
masses in medium:

L3&/)+22/)+).3+44"'=&'=!"#$%&#'!+/0".$6
$()$3")0%(K4",)(J)'"#$%&'()$%+'/0(%$)&'6
3($M)2"'/")"'1&%(',"'$/N6
6
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Hp =
M 2

2E
+

!
2GF

!
Nl +

"
d! !(1 " v áv !)! p !

#

Neutrino-neutrino forward scattering
renders the problem nonlinear. 
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Figure 3

The geometric layout of the neutrino bulb model. In this model all neutrinos are emitted half-isotropically
from the surface (neutrino sphere) of the protoneutron star (PNS), which has radiusR. Spherical symmetry
and isotropic emission on the neutrino sphere imply that all neutrinos with the same initial ßavor, energy,
and emission angle! R have identical ßavor evolution histories. The neutrino polarization vector!P" ,! R(r ) is
uniquely determined by" , ! (or ! R), andr. Here ! is the angle at radiusr between the neutrino trajectory
direction and the radial direction. Figure adapted from Þgure 1 of Reference 70. Copyright 2006 by the
American Physical Society.

around the center of the protoneutron star (PNS) (Figure 3 ). The polarization vectors in this
model obey the EoM

cos!
d
dr

!P" ,! R(r ) = [" !B + #(r ) !L + !H $$,! R(r )] " !P" ,! R(r ), 12.

where

!H $$,! R(r ) =
#

2GFnø$e(R)
! $

%$
d" &

! 1

cos! max

d(cos! &) (1 %cos! cos! &) !P" &,! &
R
(r ). 13.

Note that ! = arcsin(Rsin! R/ r ) and has the maximum value! max = arcsin(R/ r ) in the neu-
trino bulb model (Figure 3 ). Also note that here we choose to normalize!P" by nø$e(R) =
L ø$e/ (2%R2' Eø$e(), the total number density ofø$e at the neutrino sphere, whereL ø$e and' Eø$e( are the
energy luminosity and the spectrum-averaged energy ofø$e at the neutrino sphere, respectively.
For the neutronization-burst epoch where the$e ßux is much larger than the ßuxes of all other
neutrino species, !P" should be normalized byn$e(R) instead. In typical numerical simulations,R
is in the range of 10 to 60 km, and the luminosities and the average energies of neutrinos are in
the ranges of 1050 to 1053 erg s%1 and 10 to 30 MeV, respectively.

Equation 12 can be solved numerically without any further assumptions. This is known as
the multiangle scheme. The other scheme is the so-called single-angle scheme (50). In this latter
scheme it is assumed that!P" ,! R(r ) = !P" (r ) is the same for different neutrino trajectories. There
are several variants of the single-angle scheme that lead to qualitatively similar results. In one of
the variants, !P" (r ) is computed along the radial direction (! R = 0), and Equation 12 becomes

d
dr

!P" (r ) = [" !B + #(r ) !L +
#

2GFnø$eD(r / R) !D] " !P" (r ), 14.

where the geometric factorD(r / R) = 1
2 [1 %

"
1 %( R

r )2]2 partially accounts for the angle ef-
fect and geometric dilution of the neutrino ßuxes in the neutrino bulb model. Comparing
Equations 7 and 14 shows that the ßavor evolution of neutrinos in the single-angle scheme is
equivalent to that of a homogeneous and isotropic neutrino gas expanding with ÒtimeÓr. In this
analogy, the strength of the neutrino self-coupling isµ (r ) =

#
2GFnø$e(R)D(r / R). The radial

direction is a rather special direction in the neutrino bulb model. In another variant of the single-
angle scheme, it is assumed that all neutrinos are emitted with! R = %/ 4 (75). Alternatively,
!H $$,! can be averaged over neutrino trajectories (70, 90). Each of these variants also leads to
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FIG. 2. Top row : Pv,z as a function of propagation angle ! for color-coded snapshots in time. Bottom row : Angular distributions
of neutrino (blue) and antineutrino (red) number ßuxes. The time spans sampled in the Þrst two columns encompass a half-
period of the fast collective mode. Despite the presence of an ELN crossing in the third column, no instability occurs. The
angular distributions are identical in the third column to those in the Þrst except that the ELN quadrupole vanishes; by
arguments given in the text, this disallows fast instability.

FIG. 3. Linear stability plot
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Figure 14: Constraints on sterile neutrino DM. The solid lines represent the most important constraints
that are largely model independent , i.e., they can be derived for a generic SM-singlet fermionN of mass
M and a mixing angle ! with SM neutrinos, without speciÞcation of the model that this DM candidate is
embedded in. Themodel independent phase space bound(solid purple line) is based on PauliÕs exclusion
principle (c.f. Section 3.1). The bounds based on thenon-observation of X-rays from the decay N ! "#
(violet area, see Section3.2 for details) assume that the decay occurs solely through mixing with the active
neutrinos with the decay rate given by eq. (29). In the presence of additional interactions, these constraints
could be stronger, see e.g. [520]. All X-ray bounds have been smoothed and divided by a factor 2 to account
for the uncertainty in the DM density in the observed objects. They are compared to two estimates of the
ATHENA sensitivity made in ref. [ 234]. The blue square marks the interpretation of the 3.5 keV excess as
decaying sterile neutrino DM [184, 188]. All other constraints depend on the sterile neutrino production
mechanism. As an example, we here show di! erent bounds that apply to thermally produced sterile
neutrino DM , cf. section 4.2. The correct DM density is produced for any point along black solid line
via the non-resonant mechanism due to! -suppressed weak interactions (24) alone (Section 4.2.1). Above
this line the abundance of sterile neutrinos would exceed the observed DM density. We have indicated
this overclosure boundby a solid line because it applies to any sterile neutrino, i.e., singlet fermion that
mixes with the SM neutrinos. It can only be avoided if one either assumes signiÞcant deviations from the
standard thermal history of the universe or considers a mechanism that suppresses the neutrino production
at temperatures of a few hundred MeV, well within the energy range that is testable in experiments, cf. e.g.
[521]. For parameter values between the solid black line and the dotted green line, the observed DM density
can be generated by resonantly enhanced thermal production (Section4.2.2). Below the dotted green line
the lepton asymmetries required for this mechanism to work are ruled out because they would alternate the
abundances of light elements produced during BBN [584]. The dotted purple line represents the lower bound
from phase space arguments that takes into account primordial distribution of sterile neutrinos, depending on
the production mechanism [22]. As a structure formation bound we choose to display the conservative lower
bound on the mass of resonantly produced sterile neutrinos, based on the BOSS Lyman-$ forest data [268]
(see Section3.3 for discussion). The structure formation constraints depend very strongly on the production
mechanism (Section4). The dashed red line shows the sensitivity estimate for the TRISTAN upgrade of the
KATRIN experiment (90% C.L., ignoring systematics, c.f. Section 5.2).
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FIG. 2. Fraction of relic sterile neutrino density ! s to observed dark matter density ! DM . Dark gray indicates overproduction
due to the DodelsonÐWidrow mechanism, light gray indicates overproduction due to self-interactions. For G! = 10 2GF ,
! s / ! DM = 1 is achieved at slightly smaller mixing compared to G! = 0 because " tot is slightly larger and ! m is nonresonantly
enhanced. For G! = 10 3GF and G! = 10 4GF , ! s / ! DM never reaches unity because resonant enhancement sets in.

is then

! f s

! t
! Hp

! f s

! p
=

! tot

2
sin2 2"m

1 +
!

! tot
2! m

" 2 (f a ! f s) + Cs, (1)

where all variables tacitly depend on neutrino momentum
p and time t. The functional Cs, which depends onf s of
all momenta, denotes the collision integrals for all-sterile
scattering processes;H is the Hubble parameter; and the
subscript m indicates that in-medium values are used for
the mixing angle and oscillation frequency. In terms of
the vacuum mixing angle " and the vacuum oscillation
frequency# = $m2/ 2p, the deÞning formulae are

#2
m = #2 sin2 2" + ( # cos 2" ! V)2 (2)

and

#2
m sin2 2"m = #2 sin2 2" . (3)

The potential V, also a function ofp, is generated by for-
ward scattering of neutrinos on particles in the medium.
To be consistent with previous studies [36, 38, 40], we
take %a to be a muon neutrino. Muons are then the rele-
vant charged-lepton population, with total ( µ+ and µ! )
energy density &µ . The potential V = Vµ + Va + Vs is
then composed of

Vµ = !
8
"

2GF

3m2
W

&µ p (4)

from %a scattering on µ± ,

Va = !
8
"

2GF

3m2
Z

&ap (5)
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Bond Order Prediction Using Deep Neural Networks

LA-UR-YY-XXXXX

HIP-NN and Properties of Interacting Atoms

By Christopher Koh and Sergey Magedov
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Why ML?
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�‡ Calculated from 
the density matrix

�‡ Represent the 
strength of binding 
between atoms

�‡ Do not have to be 
whole numbers

What are Wiberg Bond Indices
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The Hierarchically Interacting Particle Neural Network 
(HIP-NN)
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�‡ Reduced version of 
ANI-1

�‡ Developed through 
active learning

�‡ 30 atoms or less

�‡ Samples wide variety of 
bond indices

ANI-1x Training Data
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�‡ Made up of 6 diverse 
CNOH datasets

�‡ Non-equilibrium 
conformations

�‡ Most outliers present in 
experimentally non-
relevant spaces

Comp6 Validation

Slide 6
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Caffeine

�‡Predictions on Caffeine

�‡NBO calculations take 
50 �±60 min

�‡ML predictions takes 
less than 30 seconds
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�‡ 1-9% percent error

�‡ Outliers as high as 
200% error

Comp6 Error Analysis
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Error Comparison to Other Bond Index 
Methods

�‡ Difference comparison 
performed on GDB11 
dataset

�‡ Comparing NBO 
matrix generated by 
Natural Resonance 
Theory

�‡ ML Predictions well 
within range that other 
bond index methods 
give

RMSD: 0.087504
MAED 0.070130

RMSD: 0.018444
MAED 0.007918
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�ƒ ML predictions are comparable to those obtained by 
other Bond Index methods

�ƒ ML computation time is much faster than traditional 
QM methods

�ƒ Promising for predicting other pairwise properties 

Future Work
�ƒ Improve training dataset to reduce error in specific 

region which the networks do comparably worse in
�ƒ Predict other atomic pairwise properties

Summary

Slide 10
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Surface Core- Level Shifts of Lead Halide 
Perovskites
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Anatomy of Lead Halide Perovskites

Generally a cubic structure given 
by chemical formula ABX3

�ƒ A – a large cation, organic 
(CH3NH3 = MA) or inorganic 
(Cs)

�ƒ B – a small metal cation (Pb)

�ƒ X – a halide ion (I or Br)

Structure showing both cubic and 
polyhedral depictions of general 

perovskites
Park, Mater. Today, 2015
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�ƒ Light emitters

– LEDs, lasers

�ƒ Solar cells

�ƒ Photocathodes

�ƒ X-ray/�Û-ray detectors

Applications of Pb Halide Perovskites

Crespo-Quesada et. al. Nature 2016
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�ƒ The binding energy (B.E.) of a core electron is 
sensitive to surrounding chemical environment

�ƒ Surface core-level shift = B.E.surface – B.E.bulk

�ƒ Initial state (IS) and final state (FS) shifts
– IS: the ground state B.E. measurement

– FS: the B.E. after the core electron is excited

�ƒ Can be used to identify surface structure and 
adsorbed atoms

Surface Core- Level Shifts

Shift in B.E. (eV)

Example of surface core-level  
shift of Pa 3d for (100) surface

Nilsson, Chalmer Reproservice, 2013

W.F. Egelhoff Surface Science Reports 6 1987
W. Olovssonet al. Physicastatus solidi 2006
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Computational Methods

�ƒ Plane wave electronic structure code

�ƒ Periodic boundary conditions

�ƒ Projector Augmented Wave (PAW) method

– Generalized Gradient Approximation (GGA)

– Perdew, Burke, Ernzerhof (PBE) functional

�ƒ Energy cutoff of 480 eV for the plane wave basis set

Kresse, G; Furthmuller, J.Comp. Mater. Sci. 1996
Kresse, G.; Furthmuller, J. Phys. Rev. B 1996

Perdew, J. P.; Burke, K.; Ernzerhof, M. 
PhysRev Lett 1996
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�ƒ Studied CsPbBr3 (right)

�ƒ Both PbBr2- and CsBr-
terminations

�ƒ 6 polyhedral (~35 �@) thickness

�ƒ 30+ �@of vacuum

�ƒ Need to freeze some amount at 
bulk geometry

Systems

Cs Pb

Br

PbBr2-T CsBr-T

“Effect of Cesium Coatings on the Work Function of Cesium Lead Halide 
Perovskites” S. G. Lewis, F. Liu, D. Ghosh, W. Nie, L. Zhou, N. Moody, A. 
Mohite , S. Tretiak, and A. J. Neukirch (2019, draft. LAUR-19-20077)
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Challenge

Slide 7

Where and how much of the slab should we freeze?

Shift can vary widely (up to 0.25 eV) depending on the choice of bulk reference
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Solution – test different optimization schemes

Slide 8
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�ƒ Thin film IS shift is less affected by the increased thickness

�ƒ PbBr2-T surface is more similar to bulk so we expect a smaller 
IS shift than for CsBr-T

�ƒ IS shift difference between CsBr-T to PbBr2-T is closer to what 
is expected for the thin film

Solution Cont.
Table: Initial State (IS) shift for different systems of optimization (units in eV)

225 CsBr-T 226 CsBr-T PbBr 2-T

Thin Film (7 �@) 0.4099 0.4295 0.2629

Slab (11.5 �@) 0.2646 0.3147 0.2138

Thin Film (11.5 �@) 0.1819 0.2203 0.2610

Slab (14.5 �@) 0.2345 0.5228 0.0662
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Results

Slide 10

Table 1: Surface core level shifts for CsPbBr3 (units in eV)

PbBr2-T CsBr-T

Initial State 
Shift

Final State 
Shift Total SCLS

Initial State 
Shift

Final State 
Shift Total SCLS

Pb, 3d -0.2227 -0.0082

Halide near Pb,
2p

0.2629 -0.1096 -0.0974 0.0122

Halide near Cs, 2p -0.0219 0.4287

Total SCLS = FS 
F IS
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�ƒ Shifts for MAPbI3

�ƒ Shift for slabs with adsorbed 
molecules

�ƒ Examining the surface charge 
density and density of states to 
assist in explaining the shift

Ongoing Work

MAPbI3, 
PbI2-T

CsPbBr3, 
CsBr-T w/ PEA

N+

CH3

CH3

CH3

CH3

NH2

NH3

TEA

BA

PEA
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Motivation and background

� Reliance on natural gas for electricity generation has increased
signi�cantly in many regions of the world

� Creates an interdependence between power and gas delivery systems
with associated reliability and security risks.

� De�ciency in formal coordination between power and gas operations.

� Di�erent cybersecurity regulation (NERC, TSA)

� Focus on modeling the compounded impact of malicious cyber
attackers across infrastructures

Figure 1: Work
ow. Cyber-Gas-Power Block Diagram
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� Focus on modeling the compounded impact of malicious cyber
attackers across infrastructures

Figure 1: Work
ow. Cyber-Gas-Power Block Diagram
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Motivation and background

Figure 2: Interdependence between cyber, power and gas

3



Cyber Modeling. Using Markov
Chains
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Figure 3: Purdue Model. Cyber graph 4



Cyber Modeling. Continous-time Markov Chains (CTMC)

� Stochastic processf X (t ) : t � 0g

� A CTMC is a tuple (S; P(t ); Q; � (t ); � ) de�ned on T = [0 ; T ]

� S = f 1; 2; : : : ; jSjg denotes the discrete state space

� P(t ) 2 [0; 1]jSj�jSj 8t 2 T is the transition probability matrix

� � (t ) = [ P(X (t ) = 1) ; P(X (t ) = 2) ; : : : ; P(X (t ) = jSj)]

� Q 2 RjSj�jSj is the transition rate matrix

Qij =

(
� i pij if i 6= j
� � i if i = j

(1)

� System dynamics (Kolmogorov's Forward Di� Eq)

d
dt

P(t ) = P(t )Q ! P(t ) = etQ �
1X

n=0

(tQ)n

n!
= I + tQ +

(tQ)2

2!
+ : : :

(2)
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Gas Modeling. Optimization and simulation

� A natural gas network is represented as a directed graphG = ( V; E).
Dynamics are governed by the 1-D Euler equations.

@�e
@t|{z}

Accumulation of mass

+
@�e
@x| {z}

Net mass 
ux

= 0
@�e
@t| {z}

Inertial forces

+ c2 @�e
@x| {z }

Pressure forces

= �
�

2D
� ej� ej

� e| {z }
Friction forces

8e 2 E

� e(t ; 0) = � e(t )� i (t ) 8i : e 2 F i j � e(t ; Le) = � i (t ) 8i : e 2 Ti

di (t ) =
X

e2T i

Ae� e(t ; Le) �
X

e2F i

Ae� e(t ; 0) 8i 2 V

X

8e2E

Z T

0

j� e(t ; 0)j
� e

(� 2

e (t ) � 1)dt
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Gas Modeling. Optimization and simulation

min Compressor energy

s.t. dynamic constraints
nodal conditions
density & control constraints:

�
i

� � i (t ) � �� i 8i 2 V

� e � � e(t ) � � e 8e 2 E

� e(t )� i (t ) � �� i 8i 2 V
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Gas Modeling. Transient simulation

� We solve the di�erential equations as an implicit DAE

� An initial steady-state point is provided to the solver

d
dt

"
�
�

#

= F
� "

�
�

#

;

"
�
d

# �
= F( x|{z}

state

; u|{z}
controls

)

� Abs. tol. =10� 9 ; Abs. tol. =10� 10; x 2 RN+ E ; u 2 RC+ D

� IDA is variable-order, variable-coe�cient BDF in
�xed-leading-coe�cient form. Uses modi�ed Newton iteration

_� =
�
jAd j �

�
�BT

d

�
� � � 1 �

4 (Ad ' � d) � j Ad j �
�
�BT
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� �
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Power modeling. DC Optimal
Power Flow



Power Modeling. DCOPF

� A power network is represented as a directed graphG = ( V; E)

min
1
2

Pg
T QPg + qT Pg

s.t. P` � PTDF R (Pg � d) � P`

Pg � Pg � Pg

1T Pg = 1T d

PTDF = HB0� 1

� Pg 2 RV ! Vector of power generation
� Pl 2 RE ! Vector of power 
ows
� d 2 RV ! Vector of power withdrawals
� PTDF 2 RE�V ! Power Transfer Distribution Factor
� H 2 RE�V ;B 2 RV�V Power 
ow Jacobian and susceptance

matrices
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Results. CTMC in the power
network



CTMC in the power network
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CTMC in the power network

11



Results. Gas simulations



Gas simulations
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Future directions

� Integrate gas simulations into the CTMC

� Markov Decision Process

� Study impacts of contingencies across infrastructures
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Motivation
ABX3 perovskites materials are important to light-emitingand 
photovoltaic applications

¸MAPbI3 is a prototypical material (Eg=~1.5 eV) for hybrid perovskites

Benefits of perovskites materials 

¸low cost of production and material

¸high carrier mobility 

¸large optical absorption coefficient

Bulk CsPbBr3 has been wildly studied

¸CsPbBr3 Quantum Dots are new with interesting properties

2



Perovskite Quantum Dots
Why Lead Halide Perovskite (LHP) Quantum dots?

¸ full-spectrum light emission in the visible spectrum

¸high fluorescence quantum efficiency 

¸ extremely facile synthesis

QDs in general are tunable through the entire visible spectrum by changing their 
size during synthesis. 

Goal: Guide the tunability of CsPbBr3 QDs optical properties by understanding 
the nature of the excitations via TDDFT

3
1. Huang, H.; Bodnarchuk, M. I.; Kershaw, S. V.; Kovalenko, M. V.; Rogach, A. L. Lead Halide Perovskite Nanocrystals in the Research Spotlight: Stability and Defect Tolerance. ACS energy letters 2017, 2, 2071-2083.



Experimental Data

�‡ Bulk        =   ~514 nm (2.41 eV)
�‡ 12.5nm  =   ~501 nm (2.47 eV)
�‡ 6.5 nm   =   ~483 nm (2.56 eV)
�‡ Smaller size more blue shift

�‡ Peak = ~510 nm (2.43 eV) �‡ Peak 1 = ~444 nm (2.79 eV)
�‡ Peak 2 = ~468 nm (2.65 eV)

1. Cai, Y.; Wang, L.; Zhou, T.; Zheng, P.; Li, Y.; Xie, R. Improved stability of CsPbBr3 perovskite quantum dots achieved by suppressing interligandproton transfer and applying a polystyrene coating. Nanoscale 2018, 10, 21441-21450.
2. Cottingham, P.; Brutchey, R. L. On the crystal structure of colloidally prepared CsPbBr3 quantum dots. Chem. Commun. 2016, 52, 5246-5249.
3. Li, C.; Zang, Z.; Chen, W.; Hu, Z.; Tang, X.; Hu, W.; Sun, K.; Liu, X.; Chen, W. Highly pure green light emission of perovskite CsPbBr3 quantum dots and their application for green light-emitting diodes. Opt. Express 2016, 24, 15071-15078.
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CsPbBr3 Cluster
1. Pristine system

A. 189 atoms
i. Cs: 54
ii. Pb: 27
iii. Br: 108

B. Dimensions
i. 1.8 x 1.8 nm

C. 2 unique surfaces
i. Even Cs
ii. Uneven CSEven Uneven

2. Single Atom Vacancies (8 Total)
A. 2-Br

i. Even
ii. Uneven

B. 3-Pb
i. Even
ii. Uneven
iii. �����v�š���Œ���^���µ�o�l�_

C. 3-Cs
i. Even
ii. Defect 1
iii. Defect 2

3. Charge systems
A. Positive

i. [CsPbBr3]+1

B. Negative
i. [CsPbBr3]-1
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Computational Methods
A. Starting geometry made from Bulk Cubic phase

B. Optimization/Property calculations: Gaussian16

C. Functional: CAM-B3LYP

D. Basis Set: LANL2DZ

E. Solvent: Water
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UV-VIS Profile for 30 singlet states
�‡Blue shifted due to small size of 

model cluster 
�‡Quantum confinement
�‡Functional dependent

�‡Max Oscillator Strength: 4.47 @ 
254.2 nm

�‡Spectra profile peak: 256 nm 
(4.8 eV)
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Charged system may cause blinking
�‡ Charged system are two 

orders of magnitude lower 
than pristine system for the 
absorbance

�‡ 1 order of magnitude lower 
for oscillator strengths

�‡ Spectra red shifted 
�‡ Few transitions comprise the 

peak
�‡ Negative darker than Positive 

system
�‡ Blinking is expected in lead 

halide perovskites QDs
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Br Vacancy

�‡ Darker than pristine system
�‡ Uneven darker than Even
�‡ Introduction of defect state lowers 

energy gap
�‡ Overall slightly red shifted

�‡ Alluding to defect tolerance 

Even

Uneven
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Summary/Future Work
1. Observe quantum confinement effects as seen in experiment

2. Blinking of the LED is expected for a charged system

3. Br vacancy introduces defects states lowering the frontier gap

4. Future direction
1. In-depth study into the Natural Transition Orbitals (NTOs) and Electron/Hole pair analysis
2. Addition of ligands 
3. Different Solvents

10
1. Zheng, C.; Bi, C.; Huang, F.; Binks, D.; Tian, J. Stable and Strong Emission CsPbBr3 Quantum Dots by Surface Engineering for High-Performance Optoelectronic Films.ACS Appl. Mater. Interfaces 2019, 11, 25410-25416.
2. Mei, J.; Wang, F.; Wang, Y.; Tian, C.; Liu, H.; Zhao, D. Energy transfer assisted solvent effects on CsPbBr3 quantum dots.J.Mater. Chem. C 2017, 5, 11076-11082.



Questions?
Thank you for listening!

11



Spin-wave dispersion relation in FM/SC bi-layer

Bishal Parajuli
University of California, Merced

Mentor-Dr.Shizeng Lin
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FM/SC bi-layer

Figure: Py/Nb bi-layer layout1

1Nature Physics. 15. 10.1038/s41567-019-0428-5. .
August 15, 2019 2 / 9



Theoretical framework

Inclined magnetic �eld applied:

H = Hx x̂ + H0ẑ (1)

Local magnetic �eld for spin-waves:

H = Hx x̂ + hz(r )ẑ (2)

where,hz(r ) is given by London's equation of vortices2:

r 2hz �
hz

� 2 = �
� 0

� 2

X

i

� (r � r i )ẑ (3)

2M.Tinkham , Introduction to Superconductivity(Mcgraw-Hill , New York , 1966).
August 15, 2019 3 / 9



Theoretical framework

hz(r ) = H0[1 +
2

1 + � 2Q2 (cos
2�
a

x + cos
2�
a

y)] (4)

for square lattice with lattice parametera and Q being the reciprocal
lattice vector.

a =

r
� 0

H0
(5)

and
Q =

2�
a

(6)

August 15, 2019 4 / 9



Theoretical framework

Energy functional including Zeeman interaction:

H =
J
2

(r m)2 � H:m (7)

Landau-Lifshitz-Gilbert(LLG) equation3:

@m
@t

= 
m �
� H
�m

+ �
@m
@t

(8)

The �rst term of LLG equation describes the rotation of the
magnetization in response to torques.

The second term describes the damping.

3T.L.Gilbert , IEEE Trans.Magn.40 , 3443(2004) .
August 15, 2019 5 / 9



Outline of calculation

m is de�ned in original coordinate and we taken in local coordinates
for spin-wave

Solve the modi�ed LLG equation in absence of damping in frequency
domain

Linearize LLG equation in �rst order ofnx and ny

Solve the coupled equation innx and ny using Bloch's theorem

Numerically solve the resulting eigenvalue equation to �nd the
spin-wave frequencies

August 15, 2019 6 / 9



Spin-wave spectrum in FM/SC bi-layer

(a) High symmetry points of �rst BZ (b) H x = 10 mT and H0 = 5 mT

(c) H x = 10 mT and H0 = 10 mT (d) H x = 20 mT and H0 = 10 mT

Figure: Illustration of various images August 15, 2019 7 / 9



Spin-wave spectrum in FM/SC bi-layer

The local magnetic �eld created by the vortex lattice constitutes a
magnonic crystal and features speci�c bandgaps in the spinwave
spectrum.

Vortex lattice parametera =
q

� 0
H 0

-tuning of the band gaps in
magnon spectrum.

Magnon spectrum can be used to probe the presence and periodicity
of the Abriskosov lattice.

August 15, 2019 8 / 9



Future work

Add extra terms like anisotropy energy and dipolar exchange �eld in
the energy functional to setup realistic model.

To study how the moving vortex lattice a�ects the magnon spectrum.

August 15, 2019 9 / 9
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Background

� In high temperature/ high pressure environments, liquids of
composed of N2 molecules undergo the process of dissociation
into free atomic states (N).
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Background

� In high high pressure environments, liquids composed of N2

molecules undergo the process of dissociation into free atomic
states (N).

� The process of pressure-induced dissociation is fantastically
complicated, and accurate equations of state involving pressure
dissocation are dif�cult to develop without the full machinery of
“ab-initio” methods.
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Background

� In high high pressure environments, liquids composed of N2

molecules undergo the process of dissociation into free atomic
states (N).

� The process of pressure-induced dissociation is fantastically
complicated, and accurate equations of state involving pressure
dissocation are dif�cult to develop without the full machinery of
“ab-initio” methods.

� The computational burden of analyzing dissociating liquids of
nitrogen can be partially relieved via the use of �uid perturbation
theory.
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Fluid Perturbation Theory

� In �uid perturbation theory, one assumes that the interaction
potential of individual particles can be broken up into some
reference potential and a weaker interaction potential.

� full (r) = � ref.(r) + � int. (r): (1)
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Fluid Perturbation Theory

� In �uid perturbation theory, one assumes that the interaction
potential of individual particles can be broken up into some
reference potential and a weaker interaction potential.

� full (r) = � ref.(r) + � int. (r): (2)

� A typical choice of reference system is that of the hard-sphere
reference system, in which reference potential becomes that of
the stanard hard sphere potential.
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Fluid Perturbation Theory

� In �uid perturbation theory, one assumes that the interaction
potential of individual particles can be broken up into some
reference potential and a weaker interaction potential.

� full (r) = � ref.(r) + � int. (r): (3)

� A typical choice of reference system is that of the hard-sphere
reference system, in which reference potential becomes that of
the standard hard sphere potential.

� The Helmholtz free energy of such a system is

F conf. = F ref.
0 +

N2�
2V

Z 1

�
d3r g(r)� int. (r); (4)

where F ref
0 is the analytical excess hard-sphere free energy, g(r)

is the radial distribution function, and � is the hard-sphere radius.

Los Alamos National Laboratory UNCLASSIFIED 7/25/2019 j 7



UNCLASSIFIED

Fluid Perturbation Theory

� The hard-sphere radius � is chosen in accordance with the
Gibbs-Bogolyubov inequality, such that

F conf. � F ref.
0 +

N2�
2V

Z 1

�
d3r g(r)� int. (r) (5)

Los Alamos National Laboratory UNCLASSIFIED 7/25/2019 j 8



UNCLASSIFIED

Fluid Perturbation Theory

� The hard-sphere radius � is chosen in accordance with the
Gibbs-Bogolyubov inequality, such that

F conf. � F ref.
0 +

N2�
2V

Z 1

�
d3r g(r)� int. (r) (6)

� The analysis of equations of state via the use of �uid
perturbation theory then boils down to calculating the � that
minimizes con�gurational free energy.

Los Alamos National Laboratory UNCLASSIFIED 7/25/2019 j 9
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The Full Equation of State

� Once the hard-sphere radius is determined, one can simply
throw in the internal and translational contributions to the
Helmholtz free energy to fully describe the system:

F(V ; T ; � ) = F trans. (V ; T ) + F intern. (T ) + F conf.(V ; T ; � ): (7)
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The Full Equation of State

� Once the hard-sphere radius is determined, one can simply
throw in the internal and translational contributions to the
Helmholtz free energy to fully describe the system:

F(V ; T ; � ) = F trans. (V ; T ) + F intern. (T ) + F conf.(V ; T ; � ): (8)

� The internal contribution F intern. (T ) is calculated from the
bound-state binding energies of the system being described
(atoms, molecules, etc.).

Los Alamos National Laboratory UNCLASSIFIED 7/25/2019 j 11
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Central Issues

Problem 1: In high pressure environments, where pressure
dissociation is likely to occur, highly excited states are not expected
to contribute to the partition function that F intern. (T ) depends upon.
Rather, they are washed out by the presence of other particles in

the system.
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Central Issues

Problem 2: Without a full understaning of what this does to the
wave functions of each of the particles in the system, one must

introduce a density-dependent and smooth cutoff into the internal
partition function that drowns out the contribution of excited states

as the density of the �uid increases.
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The Occupation Probability Formalism

� Both of these issues are partially relieved via the use of the
occupation probability formalism .
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The Occupation Probability Formalism

� Both of these issues are partially relieved via the use of the
occupation probability formalism (OPF).

� In the OPF, one introduces an extra level-dependant free energy
f , such that

F intern. = � NkT ln �Z + f �
X

�

@f
@N�

N� ; (9)

and
�Z =

X

�

! � g� e� � E� ; (10)

where

! � = exp
�

� �
@f

@N�

�
(11)

is the probability of a particle occupying an isolated state � in the
presence of other particles.
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The Occupation Probability Formalism

� A more complicated version of

! � = exp
�

� 3� N
4V

(� � + � )3
�

(12)

was applied successfully a number of years ago to the
dissociation of liquid hydrogen, where � � is the hard-sphere
radius of state � .
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The Occupation Probability Formalism

� A more complicated version of

! � = exp
�

� 3� N
4V

(� � + � )3
�

(13)

was applied successfully a number of years ago to the
dissociation of liquid hydrogen, where � � is the hard-sphere
radius of state � .

� Notice that one must now minimize not only the con�gurational
term, but also the internal term of the Helmholtz free energy.
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The Occupation Probability Formalism

� A more complicated version of

! � = exp
�

� 3� N
4V

(� � + � )3
�

(14)

was applied successfully a number of years ago to the
dissociation of liquid hydrogen, where � � is the hard-sphere
radius of state � .

� Notice that one must now minimize not only the con�gurational
term, but also the internal term of the Helmholtz free energy.

� The question now becomes: “can this form of smooth
density-cutoff realistically re�ect the truncation of states and,
ultimately, the dissociation of N2 molecules into 2N atoms?”
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Our Work Now and Onward

� We have begun implementing this form of the occupation
probability formalism to two-component systems of N2, in which
the OPF is applied only to the N2 molecules, and

� � nl =
� N2

r000
r� nl (15)

is computed from the radial Schrödinger equation for a molecule
in a electronic state � , vibronic state n, and rotational state l.
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Our Work Now and Onward

� We have begun implementing this form of the occupation
probability formalism to two-component systems of N2, in which
the OPF is applied only to the N2 molecules, and

� � nl =
� N2

r000
r� nl (16)

is computed from the radial Schrödinger equation for a molecule
in a electronic state � , vibronic state n, and rotational state l.
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Our Work Now and Onward

� After the Helmholtz free energy is obtained, one can use it to
minimize the Gibbs free energy with respect to the mole fraction
of N2 to obtain the equilibrium con�guration of the system by the
contraint

� N2
= 2� N ; (17)

where � i is the chemical potential corresponding to species i.

Los Alamos National Laboratory UNCLASSIFIED 7/25/2019 j 21
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Our Work Now and Onward

It is our hope that, within the coming weeks, we will be capable of
fully realizing the effect of the occupation probability formalism on

the analysis of pressure-induced dissociation.
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Thank you

I want to thank Jeff Leiding, Chris Ticknor, and T1 for taking me on
another summer to pursue this stimulating research.
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Distributionally Robust Transmission Grid Resilience 

under Uncertain Geomagnetic Disturbances

Minseok Ryu (Industrial & Operations Engineering, University of Michigan)

Harsha Nagarajan (T-5, Los Alamos National Laboratory)



¥ A geomagnetic storm (a.k.a. solar storm) is a temporary disturbance of the 
EarthÕs magnetosphere caused by a solar wind, shock wave and/or cloud of 
magnetic Þeld that interacts with the EarthÕs magnetic Þeld.

Introduction

Geomagnetic Storm 

Figure 1. Solar wind particles interacting with EarthÕs magnetosphere 

(source: https://en.wikipedia.org/wiki/Geomagnetic_storm)



¥ GMDs are of particular concern to the reliability  of the nationÕs power grid 
because they can cause geomagnetically induced currents (GICs), which 
could result in saturating transformers, inducing hot-spot heating, and 
increasing reactive power losses.

Introduction

Effect of Geomagnetic Disturbances (GMDs) on Power Grid

Figure 2. Generation of GIC

(source: https://en.wikipedia.org/wiki/Geomagnetically_induced_current)



¥ The March 1989 geomagnetic storm caused 9hr outage of Hydro-QuebecÕs 
electricity transmission system (the amount of damage was $13.2 million).

¥ On July 2019,

Introduction

Effect of Geomagnetic Disturbances (GMDs) on Power Grid

(source: https://www.cnn.com/2019/07/23/americas/venezuela-
blackout-intl-hnk/index.html?no-st=1563899546)



¥ Literatures on mitigating the negative impact of GMDs on the power grid

[Zhu and Overbye. 2015]

Blocking Device Placement for Mitigating the Effects of GICs

[Lu, Nagarajan, Yamangil, Bent, Backhaus, and Barnes. 2018]

Optimal Transmission Line Switching under GMDs

[Lu, Eksioglu, Mason, Bent, and Nagarajan. 2019]

Resilient Transmission Grid under uncertain GMDs

¥ Our research is an extension of the previous work [Lu, Eksioglu, Mason, 
Bent, and Nagarajan. 2019].

¥ Our contribution

New formulation and faster solution approach.

Introduction

Literature 



Introduction

Our research

¥ Research Question

How can we utilize existing control in the power system, such as line 
switching, load shedding, blocking devices, so as to minimize the negative 
impact of uncertain GMDs?

¥ Uncertain GMDs that affect GICs

Geomagnetically induced current (GIC) is calculated by

         where  is the line voltage induced by uncertain GMDs.

Distributionally Robust Optimization (DRO) Approach

- When the probability distribution is unknown, but we have some 
available information, such as support set and mean value.

- The obtained optimal solution of the DRO model minimizes the worst-
case expected costs (occurred by the uncertain GMDs) 

I d
! = vd

m ! vd
n + ÷" !

÷" !



Assume that magnitudes and angle-of-attack of GMDs are given as deterministic values

Mathematical Formulations

Deterministic Formulation

(Part 1)

Line switching, load shedding decisions 
under the AC power ßow physics 
(nonlinear and nonconvex).

Reformulate this part as a

Mixed Integer Second-Order Conic 
Program (MISOCP)

(Part 2)

GICs calculation that takes line switching 
decision into account



We propose the following two-stage DRO model:

where                                         

¥ D is a set of probability distributions that have the mean values  of the 
magnitude of GMDs in common.

¥ The support set  is convex, speciÞcally, half-circle with radius .

¥ Note that  and  can be chosen based on historical data.

(#E,#N)

" R

(#E,#N) R

Mathematical Formulations

Two-stage DRO model



1. We reformulate the proposed two-stage DRO model as the following min-
max-min problem:

where  is a nonlinear convex support set.

2. We reformulate the inner max-min problem as a max problem:

3. Column-and-constraint (CCG) algorithm, well known algorithm in the Þeld 
of robust optimization, can be utilized.

Note: this CCG algorithm does NOT guarantee the Þnite convergence due to 
the nonlinear convex support set (half-circle)

"

Solution Methodologies

Exact solution approach



We approximate the convex support set by a polytope with  extreme points.

Instead of using the half-circle, we incorporate the polytope with  extreme 
points into the two-stage DRO model.

¥ If the polytope is a subset of the half-circle, we obtain Lower Bound.

¥ If the polytope is a superset of the half-circle, we obtain Upper Bound.

¥ We can still use the CCG algorithm, but now the complexity of the algorithm 
is O(N) and guarantees Þnite convergence.

¥ This still could be computationally heavy, can we improve more?

N

N

Solution Methodologies

Polyhedral Support Set



Consider a triangle support set, which is a subset of a polytope

¥ The two-stage DRO model with triangle support set provides a lower bound 
of the optimal value of the two-stage DRO model with the polytope.

¥ The two-stage DRO model with triangle support set can be reformulated as a 
monolithic MISOCP, which can be solved by commercial software, and this 
approach could be faster than the CCG algorithm with complexity O(3).

¥ Moreover, this monolithic reformulation (Mono) could speed up the CCG 
algorithm with complexity O(N) by providing a warm starting point.

Solution Methodologies

Triangle Support Set



19 buses, 7 generators, 15 transmission lines, 16 transformers, and 8 sub-stations

Consider instances with .(#E, #N) = (14,3)

Numerical Results

Epri-21 System

Deterministic ! DRO (with corrective actions)

Optimal solution
W/O 

corrective 
actions

With 
corrective 

actions
R=20 R=30

#generators turned o" 0 0 0 0

#transmission lines o" 0 1 5 2

#transformers o" 0 4 4 6

Total load shedding 217.27MVar 0 0
3.41MW#

137.8MVAr

Generation costs 499.98 282.14 282.55 426.12



Polyhedral support set

¥ We generate 50 instances;

- Various mean values  and radius 

¥ For a polytope with ,

- Monolithic reformulation (Mono) vs. CCG

¥ For a polytope with ,

- Mono + CCG vs. CCG

(#E,#N) R

N = 3

N = 5

Numerical Results

Epri-21 System

A polytope with N = 5A polytope with N = 3

Polyhedral support set 

Lower the better for  
proposed algorithms
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Applying an RDX reduced chemistry model to 
1-D hot spot simulations

LA-UR-YY-XXXXX

Michael N. Sakano*, Alejandro Strachan*, Edward M. Kober�‚

*School of Materials Engineering and Birck Nanotechnology Center, Purdue University
�‚T-1 Division, Los Alamos National Laboratory
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Volatility of explosives

Understanding behavior of materials (under 
various loading conditions) can lead to 

improved safety

With permission from Steve Son
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Complex chemical initiation coupled across scales

ONR MURI Topic 21 �±Purdue, Stanford, LANL �±PI: Strachan
PCP@Xtreme - Predictive Chemistry & Physics at Extreme Temperature and Pressure

Predictive capabilities for physics and chemistry at extreme conditions
Multiscale model capable of predicting shock -induced detonation initiation
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Molecular Dynamics
Initial atomic positions �4�Üand velocities �8�Ü

Compute forces on atoms

Solve Newton�¶s Second Law

Integrate classical equations of motion

�6�~�• 
L �‚ �•
�6�‚ �• 
L

�r �•

�y �•

Bond order reactive potential

[1] Senftle, T. P. et al. npj 
Comp. Mat. 2, (2016)

How to model deflagration simulations with ReaxFF?
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ReaxFF / ReaxFF-lg

L. Lui et al., J Phys. Chem. A, 
2011, 115, 11016 

Lack of bi-molecular reaction schemes
Low gradient vdw term: improved solids density
Calibrated to ground state and transition state geometries

How can this be used in model deflagration simulations?
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Deflagration wave from hot spot

Shan, T.-R.; Thompson, A. 
P. Shock-Induced Hotspot 
Formation and Chemical 

Reaction Initiation in 
PETN Containing a 

Spherical Void. J. Phys. 
Conf. Ser. 2014, 500 (17), 

172009.

Wood, M. A.; Cherukara, M. 
J.; Kober, E. M.; Strachan, A. 

Ultrafast Chemistry under 
Nonequilibrium Conditions 

and the Shock to Deflagration 
Transition at the Nanoscale. J. 

Phys. Chem. C2015, 119 
(38), 22008�±22015.

How does one model the chemistry?
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Henson-Smilowitz model [3]

9-steps reaction scheme 
from experimental 
observations

�ƒ Solid Decomposition* and 
Dark Zone Burning

�ƒ Bright Zone Burning

�ƒ Completion Stage

Reduced order chemistry models

Tarver ODTX exp. [2]
Each component has its own thermal 
and chemical kinetic experimental 
data

�ƒ Heat capacity

�ƒ Thermal conductivity

�ƒ Heat of formation

�ƒ Activation energy

�ƒ pre-exponential frequency factor

�ƒ Heat of reaction

Improve number of steps/ Frankenstein model?
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Coordination Geometry Analysis

https://ipfs.io/ipfs/QmXoypizjW3WknFiJnKLwH
CnL72vedxjQkDDP1mXWo6uco/wiki/RDX.html

�‡ Assume all atoms have a 
maximum of four bonds

�‡ 280 different geometry 
configurations for HCNO
atom types

Evolution of bond types �± coupled chemistry
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Non-negative Matrix Factorization (NMF)

http://scikit-
learn.org/stable/modules/generated/sklea
rn.decomposition.NMF.html
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8 component fit ( H vector)
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RDX Reaction Mechanisms
Ring intact

Ring fragment

NH3

H2 gas

Similar outline to 8 - step HMX reaction scheme
Difference in ring fragmentation at lower densities
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Example: Large -scale simulations

How can we apply our 8 - step vector analysis?
What other useful information can we obtain?

24 ps 25 ps

26 ps 27 ps
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1-D 1750 K core hot spot
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1-D Thermal Stick (40 nm hot spot)
1500 K

2500 K
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1-D Shocks (40 nm gap)

1 km/s

3 km/s
1ps - initial
13ps - ½ to collapse
27ps - collapse
51ps - post-collapse (1)
74ps - post-collapse (2)
98ps - post-collapse (3)
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�ƒ Develop reduced-order chemistry model for 
RDX and HMX

�ƒ Observe differences in chemistry
�ƒ Map small-scale cook-off simulations to Grizzly 

runs
�± 1-D shock ,1-D thermal stick, and 1-D HS for various 

sizes and temperatures

�ƒ Application of Quantum Thermal Bath 
(redistributes energies) and impact on chemistry

Summary
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Corner Functionalization of Graphene
Tuning the Optical Properties of GQDs and Sheets

1



Outline
�‡Background �±What is Graphene?

�‡Special Properties

�‡Motivation
�‡Results

�‡Simulated Absorption Plots
�‡Natural Transition Orbitals (NTOs)

�‡Conclusions and Future Work

2



What is Graphene?

�‡Planar sp2-hybridized sheet of 
carbon atoms

�‡Forms a honeycomb lattice 
structure

3



Why is it special?

�‡Excellent charge carrier 
mobility, very thin, high 
�<�R�X�Q�J�¶�V���0�R�G�X�O�X�V�����H�W�F��

�‡At symmetrical points of the 
lattice, electrical dispersion is 
linear

�‡�³�'�L�U�D�F���&�R�Q�H�V�´���±Electrons and 
holes become charge carriers 
and are effectively massless

4
A. C. Neto, F. Guinea, N. M. Peres, K. S. Novoselov, A. K. Geim, Reviews 
of Modern Physics, 81, 109, 2009.



Motivation

�‡Because electron/holes have zero effective mass at k-points, 
graphene behaves as a semi-metal; it has zero bandgap

�‡Graphene Quantum Dots (GQDs) possess a bandgap due to 
confinement effects

�‡The degree of exciton localization is related to the absorption 
spectra

�‡Tuning the emission features of graphene sheets or GQDs are 
important to optoelectronics technology

5
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Bright State
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C96T-Clx3Pristine
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Bright State, C96T-NO2Pristine



Alternating Fan-Shaped

S. Zhao et. Al. Nature Communications, 9, 3470, 2018.



Fan ConformationAlternating Cl



Summary

�‡Tri-chlorinated GQDs show the weakest redshift from pristine �±
less than 100 meV

�‡Tri-nitrated  GQDs present a stronger redshift �±150 meV

�‡Chlorinating all outside carbon atoms, as seen experimentally, 
gives optical features that are dependent on their conformation

�‡Strongest redshift observed: Fan-shaped C96T-Cl (3.3 eV to 2.95 eV)

11



Ongoing Work

�‡Look at these effects in square sheets
�‡Determine a capping scheme to approximate a bulk sheet

�‡Observe if the angle made at the corners affects the exciton 
localization

12
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Simulation and optimization of CO2 -EOR 
problem using DAE -based framework

Haoyu Tang

Stanford

1



Motivation and Goal s

2

�‰Greenhouse effect and rising sea levels are 
growing concerns with CO2 the main cause

�‰Oil and gas remain the dominant sources of 
energy worldwide 

�‰CCS-EOR is a solution to both



Motivation and Goal s

3

�‰ Goal of this work is to jointly optimize the application 
of these two techniques (CCS-EOR) by computational 
simulation

�‰ Only performing spatial discretization on the mass 
balance equations and solving the resulting differential 
algebraic equation (DAE) system for each time step



Governing Equations for 1 Phase

4



Discretized Equations for 1 Phase

5



Simulation Result for 1 Phase

6
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y1 = DAE Simulator
y2 = Eclipse



Discretized Equations for 2 Phase

7



Optimal Control of EOR

8



�‰CO2-CCS could be a important solution to 
both green house effect and energy demand

�‰Solving discretized DAE is a promising way 
to address the CO2-CCS optimization 
problem

�‰1 phase DAE simulator is validated with 
Eclipse and 2 phase is also coded

Conclusion

9
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Uncertainty Quantification in Molecular 
Machine Learning

Austin Walsh, PhD Candidate in Chemistry, Wayne State University

Mentor: Kipton Barros (T-1)

08/08/2019



The Importance of Computational Simulation in 
Modern Research

Next generation drugs, materials, and synthetic pathways require scouting

Trial and error is neither time nor cost effective

Optimal research requires simulations that agree with experiment.

Material properties originate from molecular properties

We need to accurately and efficiently simulate molecular behavior.

arXiv:1703.00564v3 [cs.LG] 26 Oct 2018 https://phys.org/news/2016-07-elegant-drug-exerts-beneficial-effects.html



Quantum Chemistry
• Goal: Find energy as a function of molecular geometry
• Exact solution of Schrödinger scales exponentiallyin 

system size
• Polynomial approximations necessary in practice

M. Rupp, O. A. von Lilienfeld, and K. Burke. Journal of Chemical Physics, 148(24):10, 201
http://www.helsinki.fi/kemia/fysikaalinen/research/molspec/atm_theor.html

Accuracy

Efficiency

Accessible 
system size



Feed  Forward Neural Network Series of nonlinear transformations of 
linear combinations of input data. 

Large datasets of quantum mechanical 
calculations readily available.

International Journal of Quantum Chemistry 2015,115(16), 1032-1050

Loss Function (MSE)

Feed forward neural networks can achieve 
arbitrary regression accuracy. 

Use ML to approximate the solution to 
the Schrödinger Equation.

Nuclear 
geometry 
descriptor

Molecular 
Energy



Accuracy of ML model

• Attains chemical accuracy(1kcal/mol)
• Often outperforms density functional theory 

accuracy (a standard level of theory)
• Currently being used in pharmaceutical 

industry.

• Formation of carbon nanoclusters at 
2500K (4000 atoms, 5 ns)

• ML simulation takes hours with a GPU
• Would be millions times slower with DFT

JS Smith, BT Nebgen, R Zubatyuk, N Lubbers…- Nature communications, 2019

Efficiency



Uncertainty Quantification (UQ) – When can we trust ML?

ML
prediction

True value

Goal of UQ: provide an error bar to each ML prediction 
representative of true error. 

-Neural Networks make predictions based on training data.

-They are able to generalize to data outside this training set

-The degree of this generalization is only known given reference 
data.

-What if there is no reference data/ it must be computed via QM?

http://www.chem.wisc.edu/content/conformations-alkanes



QM7
-7165 stable organic molecules of up to 23 atoms 
-At most 7 heavy atoms (C, N, O, S)
-Properties computed with DFT PBE0 functional

QM9 
-134k stable organic molecules up to 26 atoms
-At most 9 heavy atoms (C, O, N ,F).
-Properties computed at DFT – B3LYP/6-31G(2df,p) 
level theory. 

Inputs: atomic positions and 
species

Outputs: molecular 
energies

Benchmark datasets for training model

Goal: Use ML to predict energies and corresponding 
uncertainties on small organic molecules 

Compute 
uncertainty 

Validate UQ 
with true 

error
| ETrue– EML|

Lubbers, N., Smith, J. S. & Barros, K. .J. Chem. Phys.148, 241715 (2018)



Ensembling
Ensemble of randomly initialized networks 
are trained to slightly different data.

Ensemble disagreement = uncertain 
prediction.  

Areas of high ensemble disagreement.

Predictive error

Ensemble disagreement
https://petolau.github.io/Ensemble-of-trees-for-forecasting-time-series/



Existing UQ Methods and Goals
Latent Space Distance Uncertainty Metric

HierarchichalityUncertainty Metric

Future Goal: Incorporate uncertainty into the loss function
ML learns to predict an uncertainty with each prediction.

Janet, Jon Paul; Duan, Chenru; Yang, Tzuhsiung; Nandy, Aditya; Kulik, Heather (2019): 
Uncertain Times Call for Quantitative Uncertainty MetricsChemRxiv. Preprint. Lubbers, N., Smith, J. S. & Barros, K. .J. Chem. Phys.148, 241715 (2018)

QM7
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Optoelectronic Properties and Molecular 
Dynamics of Hybrid Dion-Jacobson 2D 

Lead Iodide Perovskites

Ying Wang
Mentor: Dr. Amanda Neukirch

Co-mentor: Dr. DibyajyotiGhosh
CNLS, Los Alamos National Laboratory



Lightning Talk 2

Introduction to Solar Cells

crystalline silicon:
�‡ Not efficient enough
�‡ Improvement of 

efficiency is almost 
saturated.
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Hybrid Organic -Inorganic Lead Halide Perovskites: Promising 
Materials as Solar Cells

3D hybrid organic-inorganic 
lead halide perovskites

hybrid Dion-Jacobson 2D 
lead iodide perovskites

methylammoniu
m

3AMP
3-(aminomethyl)piperidinium

4AMP
4-(aminomethyl)piperidinium

Interlayer cations

Pros:
Direct bandgap
Strong light absorption
High carrier mobility
Cons:
Instability against moisture, 
light and heat

�‡ High stability
�‡ Low but promising 

power conversion 
efficiency (PCE)

�‡ Highly tunable structure
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Hybrid Organic -Inorganic Lead Halide Perovskites: Promising 
Materials as Solar Cells

hybrid Dion-Jacobson 2D 
lead halide perovskites

�‡ stable
�‡ Promising power 

conversion efficiency 
(PCE)

Explore the optoelectricproperties and 
related dynamics in 3AMP and 4AMP 
perovskites 

Engineer better 
solar cells

3AMP perovskites 
have better PCE 
than 4AMP
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Rigid and 3D-like 2D structure

Equatorial 
Pb-I-Pbangle

Axial Pb-I-Pb
angle

Structural comparison

species Axial Pb-I-Pb
bond angle

(°, AVE)

Equatorial Pb-
I-Pbbond 

angle (°, AVE)

Overall Pb-I-
Pbbond angle 

(°, AVE)

I-I distance (Å)

C�� �7���� �7���„���7 162.48 156.47 158.47 NA
3AMP 171.12 155.51 161.94 3.92
4AMP 166.41 151.22 156.28 4.07

Short I-I distance
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CBM VBM Charge density distribution

CBM

VBM VBM

CBM

3AMP 4AMP

I-5p dominates VBM (valence band maximum)
Pb-6p and I-5p dominate CBM (conduction band minimum)
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Band Structure and Effective Mass

Effectivemass

3AMP 4AMP C�� �7���� �7���„���7
Band gap (eV) 0.5955 0.9436 0.5800
Direction �I �Ø �I �Û �I �Ø �I �Û �I �Ø �I �Û

�3�ÆB 0.220 -0.223 0.174 -0.208

0.130 -0.112�3�ÆY 0.224 -0.154 0.186 -0.286

�3�Æ�;�4 0.246 -0.258 0.273 -0.341
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Molecular Dynamics Trajectory

NVE trajectory information

Bandgap  
average(eV)

Standard
deviation

3AMP 1.1209 0.2112

4AMP 1.4361 0.1817
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Conclusion

�‡ 3AMP and 4AMP perovskites have rigid structures similar to 3D perovskites 
which gives them 3D-like electronic properties, e.g. effective mass, CBM 
VBM charge density distribution.

�‡ Dynamic structural variation leads to the fluctuation of band gap �Æ
analogy: dynamic structural variation leads to the fluctuation of 
optoelectronic properties. 

�‡ The current study guides us to engineer 3D-like 2D perovskites in order to 
improve the power conversion efficiency but keep the good stability.

Future plan:
Non-adiabatic molecular dynamics calculation is proceeding.
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Background and Terminology

• Surface functionalization of carbon nanotubes 
must occur in pairs of defect groups in order to 
maintain a closed system.

• 3 ways to functionalize in the ortho-type 
configuration

• It is thought that these configurations are the most 
probable to form.

• Each of the 3 directions is uniquely denoted by its 
angle from the tube axis: L30, L-30, and L90.

ACS Nano 2017, 11, 10785-10796



Background and Terminology
• Each configuration has unique 

spectral features
• Chirality-independent notation:

• L30 
Y���í
• L90 
Y���î
• L-30 
Y���ï

L-30

L90

L30



Background and Terminology

L-30

L90

L30

J. Phys. Chem. C, 2018, 122, 3, 1828-1838



Multiple Defect Pairs

ACS nano., 2019, 
13 (7), 8222-8228

• Recent successful attempts have been 
made to procure nearby defect pairs to 
probe the interaction of these defects.

• Increase in concentration of guanine (G) 
increases concentration of defects.

L

“Axial L”

Nature Communications, 
10, 2672(2019)



Multiple Defect Pairs
L

“Axial L” “Axial 2L”

2L

“Axial 3L” “Axial 4L”

“Circumferential L”

L

L

“Circ. L/ Axial L”

L



HJ Aggregates

H-Type

J-Type



Combinations of the 3 Defect

• Bi-defected tube is symmetric by C2
rotation.

• Thereby, the combination matrix (right) 
is symmetric about the diagonal.

• Only six geometries are chosen for each 
spatial translation:
• Axial L, Axial 2L, Axial 3L, Axial 4L
• Circumferential L
• Circ. L / Axial L

11 21 31

12 22 32

13 23 33D
ef

ec
t 1

Defect 2



Thermodynamic Stability
• In units of single-defect 

destabilization energies
• Epristine – Edefected: �41, �42, �43

• Defects are weakly 
interacting at longer 
distances and their 
destabilization energy can be 
simply expressed as 
combination of single-defect 
destabilization energies.

• Some geometries of the 
circumferential translation 
are “super-stabilized” and 
some are destabilized

Presenter
Presentation Notes
This could give indication of novel chemical methods for directing functionalization



HJ Aggregates

If , then

Caveats
• Point Dipoles
• No angular dependence

• I need to include this

• Wavefunction Overlap



J-Type Absorption Spectra “Most redshifted configuration”

• Increasing defect-defect separation
• Splitting of excited states decreases
• Symmetry of excited states about the 

single-defect-pair transition is increased



Coulomb Coupling and Symmetry

• Coulomb coupling values (J) 
decrease with increasing 
distance.

• Symmetry increases with 
increasing distance

• More “ideal” aggregates 
• i.e. less wavefunction overlap

Presenter
Presentation Notes
1.    Off-diagonal interactions are always stronger than diagonal. --- Could be manifestation of angular dependence on the transition dipoles.
2.    Symmetry of type 3 defects are farther from ideality due to delocalized wavefunction and extra interactions not accounted for in this simple model.



Interactions and Cannibalism

• The more redshifted single-defect geometry cannibalizes the 
oscillator of the nearby defect transition

• E.g. Off-diagonal Elements: 32, 31, 21



• The circumferential geometry provides noticeable different results from the axial, even 
though the defect are the same number of carbons apart.

Circumferential L Geometry

• Some peaks present in the axial geometry are now lost, as these defects seem to be 
interacting much stronger than in the axial geometry.

• The 21 transition seems to be extra red-shifted in comparison to the axial transition.



• AD_CD produces varying effects
• More complicated than simple increase of distance

“C-like”

“A -like”

“C-like”

“A -like”

“C-like”

Largest 
Redshift

Circ. L / Axial L Geometry



Conclusions and Further Work
• Interacting defects can be well-described by HJ-Aggregate theory

• J-Type aggregates (Axial Defects) can be quantitatively analyzed to extract the Coulomb 
coupling as well as the “amount” of interaction via splitting symmetry and thermodynamic 
stability.

• H-Type aggregates (Circumferential Defects) are not yet well-explained
• Too much interaction around the circumference of the tube?
• Inclusion of angular dependence of the dipole interactions may give some resolution

• Thermodynamic Stability could give indication of novel chemical methods for 
directing functionalization to specific geometries

• The circumferential translation seems to give the widest dispersion of configurations. Why?
• Nodal structure near the defect location may be introducing higher(lower)-energy molecular orbitals
• Geometry of the tube is mostly unaffected, as the �‹-orbital energies are most affected, not the �•-

energies.

• Further work is needed to explain the Circumferential and Circ. / Axial geometries

Presenter
Presentation Notes
This could give indication of novel chemical methods for directing functionalization



Angular Dependence on Coulomb Coupling

J ��
�� �² �	�� �³

�å�/

F

( �� �² �	�å�² �³ )(�� �³ �	�å�²𝐴𝐴 )

�å�1



Benchmark Length of (6,5) – 3�Æ4 Unit Cells
• Negligible change on increasing length

• Slight redshift to be expected, but not enough to invalidate results with shorter tube

• Lost pristine E11 transitions
• Need more states to recover it, as many states were introduced by increasing length

Redshifted

Redshifted

Redshifted

Unchanged

Unchanged

Unchanged



Check of “Yes-Yes” System

• A(D+1) shows blueshiftfrom single defect in 32 and 31, possibly a result of the 3 configuration.

• A(D+1) redshifted 22 contrary to increased separation (which should slightly blue shift)

• Varying effects for “No-No” geometry should justify “Yes-Yes“ system – i.e. multiples of orthoor para
positions for two fixed base atoms.
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Mismatches compared to master

703010505_TF (m)

703010505_w4_15_KC247569

703010505_w4_06_KC247560

703010505_w4_08_KC247562

703010505_w4_38_KC247589

703010505_w14_29_KC247447

703010505_w14_3_KC247448

703010505_w14_33_KC247452

703010505_w14_32_KC247451

703010505_w14_22_KC247446

703010505_w14_34_KC247453

703010505_w14_16_KC247440

703010505_w14_31_KC247450

703010505_w14_4_KC247457

703010505_w14_6_KC247458

703010505_w14_20_KC247444

703010505_w14_39_KC247456

703010505_w14_30_KC247449

703010505_w14_19_KC247442

703010505_w14_2_KC247443

703010505_w14_17_KC247441

703010505_w14_21_KC247445

703010505_w14_11_KC247436

703010505_w14_10_KC247435

703010505_w14_15_KC247439

703010505_w14_13_KC247438

703010505_w14_12_KC247437

703010505_w14_8_KC247459

703010505_w14_36_KC247455

703010505_w14_35_KC247454

703010505_w20_10_KC247484

703010505_w20_33_KC247504

703010505_w20_2_KC247491

703010505_w20_36_KC247506

703010505_w20_22_KC247493

703010505_w20_12_KC247486

703010505_w20_7_KC247509

703010505_w20_26_KC247497

703010505_w20_4_KC247507

703010505_w20_30_KC247502

703010505_w20_8_KC247510

703010505_w20_27_KC247498

703010505_w20_14_KC247488

703010505_w20_15_KC247489

703010505_w20_29_KC247500

703010505_w20_11_KC247485

703010505_w20_32_KC247503

703010505_w20_23_KC247494

703010505_w20_24_KC247495

703010505_w20_9_KC247511

703010505_w20_21_KC247492

703010505_w20_6_KC247508

703010505_w20_19_KC247490

703010505_w20_25_KC247496

703010505_w20_13_KC247487

0 100

Alignment position

Nucleotides 
Adenine = GREEN
Cytosine = BLUE
Thymine = RED

Guanine = ORANGE

Nucleotides
Adenine = GREEN
Cytosine = BLUE
Thymine =RED

Guanine = GREY



CHAVI subject CH505 was first published: Liao et al, 2013.



! THEREISSOMEONE ON EVERYCONTINENTWHO IS

EFFECTEDWITHTHISVIRUS. 

! SCIENTISTSARE CLOSETO COMING UP WITHA

VACCINE FOR THISVIRUS, HOWEVERTHEVIRUS

CONSTANTLYCHANGES. 

! THISDATA HELPSSCIENTISTSVIEW THECHANGES OF

THISVIRUSTO CREATEA VACCINE.  

! CREATEDA R CODE THATVISUALIZETHEHIVÐ1 
VIRALEVOLUTION

! USING A PHYLOGENETICTREEAND A HIGHLIGHTER
PLOT

! THISCODE PRODUCED A COLOR SCHEMEDIAGRAM
TO HELPUSERSQUICKLYDISTINGUISH

! PATTERNSAND MUTATIONS

! ARISINGFROM EITHERSELECTIONPRESSURE
OR RECOMBINATION

CH0505

______ _________
_ ______

____ ____ ___
____________________
______________

_____
_______

___________________
_________ _____ _ __

____________
_____

_______
______________

________________________
___
________________
______
____________________
_________

___________
___________
_________
________

_________

____ ___________

0.01

Time Pts

TFs
week 4
week 14
week 20
week 22
week 30
week 53
week 78
week 100
week 136
week 160

Highlighter Plot

Base Number

A C G T !

703010505.TF703010505.4.27.KC247580703010505.4.31.KC247583703010505.4.04.KC247558703010505.4.49.KC247600703010505.4.52.KC247603703010505.4.03.KC247557703010505.4.51.KC247602703010505.4.18.KC247571703010505.4.20.KC247573703010505.4.34.KC247586703010505.4.55.KC247605703010505.4.45.KC247596703010505.4.25.KC247578703010505.4.02.KC247556703010505.4.24.KC247577703010505.4.42.KC247593703010505.4.59.KC247607703010505.4.39.KC247590703010505.4.22.KC247575703010505.4.05.KC247559703010505.4.32.KC247584703010505.4.40.KC247591703010505.4.16.KC247570703010505.4.14.KC247568703010505.4.11.KC247565703010505.4.09.KC247563703010505.4.37.KC247588703010505.4.12.KC247566703010505.4.50.KC247601703010505.4.56.KC247606703010505.4.07.KC247561703010505.4.06.KC247560703010505.4.33.KC247585703010505.4.28.KC247581703010505.4.48.KC247599703010505.4.23.KC247576703010505.4.08.KC247562703010505.4.13.KC247567703010505.4.29.KC247582703010505.4.26.KC247579703010505.4.41.KC247592703010505.4.21.KC247574703010505.4.43.KC247594703010505.4.44.KC247595703010505.4.46.KC247597703010505.4.19.KC247572703010505.20.2.KC247491703010505.14.30.KC247449703010505.14.12.KC247437703010505.14.13.KC247438703010505.14.17.KC247441703010505.20.29.KC247500703010505.14.29.KC247447703010505.20.32.KC247503703010505.20.11.KC247485703010505.14.16.KC247440703010505.14.20.KC247444703010505.14.31.KC247450703010505.14.6.KC247458703010505.14.39.KC247456703010505.14.4.KC247457703010505.20.36.KC247506703010505.14.22.KC247446703010505.14.34.KC247453703010505.14.3.KC247448703010505.14.32.KC247451703010505.14.33.KC247452703010505.4.38.KC247589703010505.4.61.KC247608703010505.4.47.KC247598703010505.4.10.KC247564703010505.4.15.KC247569703010505.4.54.KC247604703010505.4.36.KC247587703010505.14.8.KC247459703010505.14.2.KC247443703010505.14.19.KC247442703010505.14.35.KC247454703010505.14.36.KC247455703010505.30.24.KC247538703010505.30.36.KC247549703010505.30.9.KC247555703010505.20.15.KC247489703010505.20.22.KC247493703010505.30.33.KC247547703010505.20.19.KC247490703010505.20.13.KC247487703010505.20.25.KC247496703010505.30.34.KC247548703010505.20.14.KC247488703010505.20.27.KC247498703010505.20.8.KC247510703010505.20.30.KC247502703010505.20.33.KC247504703010505.20.21.KC247492703010505.20.9.KC247511703010505.20.24.KC247495703010505.20.23.KC247494703010505.20.3.KC247501703010505.30.27.KC247540703010505.30.37.KC247550703010505.22.7.KC247524703010505.22.6.KC247523703010505.30.18.KC247533703010505.20.12.KC247486703010505.30.20.KC247541703010505.30.10.KC247526703010505.30.12.KC247528703010505.30.22.KC247536703010505.30.19.KC247534703010505.22.11.KC247514703010505.22.13.KC247515703010505.30.17.KC247532703010505.20.6.KC247508703010505.20.7.KC247509703010505.14.21.KC247445703010505.14.11.KC247436703010505.14.15.KC247439703010505.14.10.KC247435703010505.22.16.KC247517703010505.22.17.KC247518703010505.22.9.KC247525703010505.20.26.KC247497703010505.30.5.KC247551703010505.22.10.KC247513703010505.22.5.KC247522703010505.30.7.KC247553703010505.30.8.KC247554703010505.30.6.KC247552703010505.30.31.KC247545703010505.20.28.KC247499703010505.20.34.KC247505703010505.22.1.KC247512703010505.30.25.KC247542703010505.22.20.KC247521703010505.22.15.KC247516703010505.30.21.KC247535703010505.30.14.KC247530703010505.30.11.KC247527703010505.30.32.KC247546703010505.22.19.KC247520703010505.20.4.KC247507703010505.20.10.KC247484703010505.22.18.KC247519703010505.30.15.KC247531703010505.30.23.KC247537703010505.30.13.KC247529703010505.30.28.KC247543703010505.30.26.KC247539703010505.30.30.KC247544703010505.78.5.KC247663703010505.78.33.KC247652703010505.78.30.KC247649703010505.100.T1.KC247399703010505.100.B4.KC247389703010505.100.T2.KC247400703010505.100.C7.KC247398703010505.100.B6.KC247391703010505.100.B3.KC247388703010505.100.A11.KC247376703010505.100.C3.KC247396703010505.100.b7.KC247402703010505.100.A5.KC247382703010505.100.C4.KC247397703010505.100.A2.KC247379703010505.100.B5.KC247390703010505.100.B9.KC247393703010505.100.A13.KC247378703010505.160.C1.KC247465703010505.136.B30.KC247422703010505.136.B26.KC247417703010505.136.B5.KC247429703010505.136.B18.KC247409703010505.136.B23.KC247414703010505.136.B38.KC247427703010505.136.B33.KC247423703010505.136.B24.KC247415703010505.136.B3.KC247421703010505.136.B2.KC247411703010505.136.B7.KC247430703010505.160.C12.KC247468703010505.160.C3.KC247471703010505.160.T4.KC247483703010505.78.35.KC247654703010505.78.39.KC247657703010505.78.31.KC247650703010505.78.1.KC247634703010505.78.22.KC247642703010505.78.17.KC247639703010505.78.23.KC247643703010505.78.3.KC247648703010505.53.6.KC247631703010505.53.27.KC247623703010505.53.15.KC247614703010505.53.17.KC247616703010505.53.3.KC247626703010505.53.8.KC247632703010505.53.24.KC247621703010505.53.14.KC247613703010505.53.2.KC247618703010505.53.30.KC247627703010505.53.19.KC247617703010505.53.29.KC247625703010505.53.21.KC247619703010505.53.31.KC247628703010505.53.25.KC247622703010505.53.10.KC247610703010505.78.4.KC247658703010505.78.41.KC247660703010505.78.9.KC247667703010505.78.32.KC247651703010505.78.26.KC247645703010505.78.25.KC247644703010505.78.36.KC247655703010505.78.29.KC247647703010505.78.16.KC247638703010505.78.34.KC247653703010505.78.6.KC247664703010505.78.42.KC247661703010505.53.13.KC247612703010505.53.28.KC247624703010505.53.1.KC247609703010505.53.4.KC247630703010505.53.16.KC247615703010505.53.11.KC247611703010505.53.32.KC247629703010505.53.9.KC247633703010505.53.22.KC247620703010505.78.43.KC247662703010505.100.A3.KC247380703010505.100.B8.KC247392703010505.100.B2.KC247387703010505.78.40.KC247659703010505.78.7.KC247665703010505.78.14.KC247636703010505.78.8.KC247666703010505.100.A10.KC247375703010505.78.15.KC247637703010505.78.27.KC247646703010505.100.A9.KC247385703010505.100.C1.KC247394703010505.100.A12.KC247377703010505.100.C2.KC247395703010505.100.B10.KC247386703010505.100.A4.KC247381703010505.100.A7.KC247384703010505.78.18.KC247640703010505.100.A6.KC247383703010505.100.T3.KC247401703010505.78.38.KC247656703010505.78.20.KC247641703010505.78.10.KC247635703010505.136.B10.KC247404703010505.136.B28.KC247419703010505.136.B27.KC247418703010505.160.A5.KC247463703010505.160.A1.KC247460703010505.160.C4.KC247472703010505.160.C14.KC247469703010505.160.C7.KC247475703010505.160.B2.KC247464703010505.160.T2.KC247481703010505.160.C6.KC247474703010505.160.D1.KC247477703010505.160.C5.KC247473703010505.160.C10.KC247466703010505.160.D5.KC247479703010505.160.C9.KC247476703010505.160.C2.KC247470703010505.160.A2.KC247461703010505.160.T3.KC247482703010505.160.D2.KC247478703010505.160.C11.KC247467703010505.160.D6.KC247480703010505.160.A4.KC247462703010505.136.B22.KC247413703010505.136.B36.KC247425703010505.136.B35.KC247424703010505.136.T1.KC247433703010505.136.B20.KC247412703010505.136.B37.KC247426703010505.136.B8.KC247431703010505.136.B1.KC247403703010505.136.B12.KC247406703010505.136.B29.KC247420703010505.136.B19.KC247410703010505.136.B14.KC247407703010505.136.B16.KC247408703010505.136.B11.KC247405703010505.136.B25.KC247416703010505.136.B4.KC247428703010505.136.B9.KC247432703010505.136.T2.KC247434



SOURCES

! HTTPS:// WWW.HIV.GOV / HIV-BASICS/ OVERVIEW/ DATA-AND-TRENDS/ GLOBAL-STATISTIC

! HTTPS:// WWW.HVTN.ORG/ EN/ PARTICIPANTS/HIV-MYTHS-FACTS.HTML

! HTTPS:// WWW.HIV.LANL.GOV / CONTENT/ SEQUENCE/HIGHLIGHT/HIGHLIGHTER_TOP.HTML

! HTTPS:// WWW.HIV.LANL.GOV / CONTENT/ SEQUENCE/PHYML/ INTERFACE.HTML
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Strain Functional Analysis

¸Deformation analysis descriptors are commonly designed for high symmetry crystal


¸ bcc, fcc, and hcp


¸Strain functional analysis can be applied to crystals with any symmetry class

¸ Applying to molecular Center-of-Mass (COM) positions 


¸Molecular COM quantities are mapped to continuous fields using a Gaussian kernel 


¸Local molecular configurations are characterized using nth order central moments of 
local number density


¸One-to-one mapping from Cartesian to the rotationally invariant space symmetry 
group SO(3)


¸Strain Functionalsdescribe the shape, size, and orientation of the neighborhood

¸Principle Component Analysis (PCA) + Gaussian Mixture Model (GMM)

1

G = density gj = atomic mass 
G = number density gj = 1
G = velocity field    gj = atomic velocity
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Cartesian to Rotationally Invariant (RI) formulation: SO(3) (irreducible) 
decompositions

Rank-2 moment tensors have 3 invariants 

¸ Mean EV: P2

2 = �Q0(2)
0


¸ rmsEV: P2
0 = �Q(2,2)00


¸ Skewness EV: P2
1= �Q((2,2)2,2)00

Remaining 3 degrees of freedom define 
orientation wrt arbitrary axis

J. Jerphagnon, D. Chemla, R. Bonneville, Adv. Phys.1978, 27(4), 609 
G. KindlmannIEEE Trans. Med. Imag. 2007, 26, 1483
C.-H. Lo, H.-S. Don IEEE Trans. Patt. Analys. Mach. Intel. 1989, 11, 1053 

�‡Rank-2 moment tensors have 6 independent components 
�±SO(3) decomposition: a scalar and a traceless rank-2 tensor

�9 Characterize atomic neighborhoods using invariants of the SO(3) 
decomposition  

�9 Strain Functional (SF) descriptors of shape, size, and orientation
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Analysis of RDX Shear and Fracture

A. Pereverzev, N. Mathew, E. M. Kober, T. D. Sewell, work in progress
1 km/s impact velocity �D-RDX along (100) [1] and release
Shear bands have disordered cores that appear as dark lines normal to plane

Some shear bands relax back, others are origins of fracture

3[1] M. J. Cawkwell, et al. Phys. Rev. B 78, 014107 (2008)



Origin of Failure Planes


¸Shapshot20 psafter spallation start

¸ Molecules colored by their classification at maximum compression


 �̧^�&�Œ�����š�µ�Œ���_���‰�o���v���•���•�š�Œ�}�v�P�o�Ç�����•�•�}���]���š�������Á�]�š�Z���]�v���}�Z���Œ���v�š���•�Z�����Œ�������v���•

¸ Most coherent bands and compressed RDX relax back to ambient RDX


¸ �D�}�•�š���]�v���}�Z���Œ���v�š���u�}�o�����µ�o���•���������}�Œ���š�����š�Z�����_�(�Œ�����š�µ�Œ���_��surfaces
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MD Background


 1̧,3,5-triamino-2,4,6-trinitrobenzene 
(TATB)

¸Triclinic crystal

¸Highly anisotropic

5



MD Background


 1̧,3,5-triamino-2,4,6-trinitrobenzene 
(TATB)

¸Triclinic crystal

¸Highly anisotropic


 Şhock simulations with a non-
reactive force field[1-3]


¸Varied crystal orientations with a 
presence of a void

6
[1] D. Bedrovet al., J. Chem. Phys. 131, 224703 (2009)

[2] M. P. Kroonblawd and T. D. Sewell, J. Chem. Phys. 139, 074503 (2013) [3] N. Mathew et al., J. Chem. Phys. 143, 094706 (2015)



PCA+GMM on Shock-Compressed 
Perfect Crystal
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Apply Classifications from Perfect Crystal to 
Shock-induced Void-collapse

8

90°



Other Crystal Orientation
0°
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Future Work


 Ŗefine the model

 I̧nclude confirmation/orientation information

¸Apply a non-spherical Gaussian model

¸Other classification than GMM


 A̧pply it on other orientations of TATB crystals


 A̧pply it on other HE materials (�t-HMX)

10
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